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In order to form fully amorphous Zr-based bulk metallic glasses, highly 
stringent processing conditions of high purity elements and ultra-high purity 
environment are essential so as to avoid potential contaminants, especially 
oxygen which has been shown to deteriorate their glass forming ability. This 
is a major technical hurdle to be overcome in order to facilitate large-scale 
commercialization of Zr-based bulk metallic glasses. Since it is almost 
impossible to eradicate oxygen completely from processing processes, we will 
concede to allow the presence of oxygen to dictate the best glass former 
composition.  
 
This dissertation has taken a more objective look at the oxygen atom and its 
effect on glass forming ability. We have hypothesized that given its small 
atomic radius and relatively high chemical affinity with most elements, it 
fulfills the requirement for significant atomic size disparity, and large 
negative heat of mixing to contribute to the high atomic packing efficiency 
which promotes glass formation. Lower cost sponge Zr was used to study 
glass formation in the binary Cu-Zr and ternary Zr-Cu-Al alloy systems. A 
 vii 
 
shift in the best glass former composition was found for both alloy systems in 
comparison with their low oxygen content counterparts using the expensive 
high purity crystal bar Zr. Maximum critical size for the binary Cu-Zr was 
retained at 2 mm while a 5 mm composite was obtained for the ternary Zr-
Cu-Al alloy. Competing phases for glass formation were found to remain the 
same. Thus we concluded that in view of compositions that require large-
scale processing, a shift in best glass former composition should be 
anticipated and utilized.  
 
Minor addition of intermediate and large sized atoms were also employed to 
determine their effects on the ternary high oxygen containing Zr-Cu-Al alloy 
system using sponge Zr. Minor addition of intermediate-sized Ni saw little 
progress in improving glass forming ability. However, the minor addition of 
large atom Y was successful in improving glass forming ability in the ternary 
Zr-Cu-Al alloy to obtain a fully amorphous 5 mm alloy. We have also shown 
that the minor addition of Y wielded the ability to change the competing 
phases involved in glass formation. Mechanisms of the minor addition of 
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1.1 Introduction to bulk metallic glasses (BMGs) 
1.1.1 The history of the development of BMGs 
Metallic glasses (MGs) are metals or metal alloys that possess non-crystalline 
structure. They are unique and differ from the conventional metals as they 
have no long-range order (LRO) in their atomic packing which results in an 
interesting synergy of properties. Conventional metallic glasses require very 




(MG), Au75Si25 was discovered by Duwez [2] in 1960 by rapid solidification. A 
‘gun technique’ (see Figure 1.1) was used to obtain a high cooling rate of 106 
K/s [3]. This discovery led to a plethora of research being carried out to 
discover MGs in various systems which was facilitated by the development of 
continuous casting processes for the commercial manufacturing of metallic 













Figure 1.1 Gun technique employed by Duwez for rapid solidification from 
the melt after Ref. [5].  
 
However, such rapid cooling rates imply that the thicknesses of metallic 
glasses are in the order of a few hundred microns which limit the envisioned 















Chen [6] discovered the first instance of metallic glasses that have critical 
thicknesses ≥ 1 mm in the ternary Pd-Cu-Si alloy system. This resulted in the 
widely accepted terminology of BMGs as MGs having a minimum critical 
thickness of 1 mm. These noble metal based BMGs were formed via water 
quenching to form millimetre-diameter rods at a significantly lower cooling 
rate of 103 K/s [6].  In 1984, Kui et al. [7] discovered the well-known Pd40Ni40P20 
bulk metallic glass (BMG) which has a critical thickness of 1 cm by boron 
oxide fluxing method at critical cooling rate of about 10 K/s. Boron oxide 
fluxing was shown to help purify the melt and eliminate heterogeneous 
nucleation. Since then, BMG formation was found to be limited within the 
noble based alloy systems such as Au [8, 9] and Pd which are very expensive 
raw materials, thus limiting their industrial application. In light of this, the 
search for BMGs utilizing inexpensive raw materials continues.  
 
In the late 1980s, Inoue and his collaborators [10] carried out systematic 
searches for bulk glass formation in multi-component systems containing 
rare-earth, Al and ferrous metals.  For the first time, BMGs with exceptional 
glass forming ability (GFA), without noble metal were discovered in the La-
Al-Ni and La-Al-Cu alloy systems [11, 12]. These rare-earth (RE) based BMGs 
were produced by Cu mold casting and had critical thicknesses of up to 3 mm. 
Further studies by increasing the number of components in the system led to 




and a quinary La55Al25Ni10Cu5Co5 with a critical thickness of 9 mm by high 
pressure die casting [13]. In 1991, BMGs were developed in the Mg-Cu-Y and 
Mg-Ni-Y alloy systems with the best glass former (BGF) at Mg65Cu25Y10 having 
a critical thickness of 7 mm [14]. Concurrently, BMGs in a multi-component 
Zr-based alloy system were developed to have high glass forming ability with 
critical casting thicknesses of up to 16 mm for Zr65Al17.5Ni10Cu17.5 alloys [15]. 
These initial discoveries of BMG formation in the previously mentioned 
multi-component systems paved the way for the development of BMGs in 
multi-component systems of Fe-, Cu-, Ni-, Co- and Ti-based alloy systems [16-
20].  Figure 1.2 shows the relationship between the critical sizes for glass 
formation as a function of time.  
 















Figure 1.2 Critical casting thicknesses in cm for glass formation as a function 




A significant breakthrough in the field was made when the first commercial 
BMG alloy Zr41.2Ti13.8Cu12.5Ni10Be22.5, commonly referred to as Vitreloy 1 (Vit 1) 
was developed by Peker and Johnson in 1993 [22]. This particular quinary 
alloy was reported to have a critical casting thickness of up to 14 mm by water 
quenching and had sparked the possibility of the use of BMGs in structural 
applications which has been realized today. To date, noble metal based 
Pd40Cu30Ni10P20 still holds the record of having the largest critical thickness of 
72 mm obtained via fluxing at a critical cooling rate of 0.01 K/s [23]. Figure 1.3 
summarizes the maximum critical thicknesses, tmax, for the different BMG 
alloy systems and Table 1.1 provides a summary of the reported 
















Table 1.1 Table of alloy compositions and their critical thicknesses. 
 
1.1.2 Properties and applications of BMGs 
The primary reason that drives the development of BMGs is their unique 
combination of properties as a result of possessing glassy-like structure. The 
superior mechanical properties are most promising for a wide variety of 
applications. As there is an absence of grain boundaries for the activation of 
dislocation mechanism for plastic deformation, BMGs are materials that have 
very high strength and also possess high corrosion resistance. Similarly, 
BMGs in the Fe- and Co-based alloy systems have shown to possess very 
good soft magnetic properties as there is no magneto-crystalline anisotropy 
due to their non-crystalline structure. Table 1.2 shows the properties of BMGs 












Co-based Co48Cr15Mo14C15B6Er2 10 2006 [24] 
Cu-based Cu46Zr42Al7Y5 10 2004 [25] 
Cu49Hf42Al9 10 2006 [26] 
Fe-based Fe48Cr15Mo14Er2C15B6 12 2004 [27] 
Fe41Co7Cr15Mo14C15B6Y2 16 2005 [28] 
Mg-based Mg54Cu26.5Ag8.5Gd11 25 2005 [29] 
Ni-based Ni40Cu5Ti16.5Zr28.5Al10 5 2004 [30] 
Pd - based Pd40Cu30Ni10P20 72 1997 [23] 
RE - based Y36Sc20Al24Co20 25 2003 [31] 
Zr-based Zr41.2Ti13.8Cu12.5Ni10Be22.5 25 1993 [32] 




Table 1.2 Properties of BMGs and their corresponding alloy system after Ref. 
[34]. 
 
The interesting synergy of properties for BMGs has propelled them to realize 
a variety of engineering applications. Table 1.3 shows the relationship 
between their unique engineering characteristics and the existing and 
potential BMG applications. Today, the combination of high GFA and 
interesting engineering properties has led to a wider field of applications in 
the history of the development of BMGs. With the advantage of direct net-
shape production technology which allows for low cost production of 
complicated parts, BMGs pose to be advantageous and attractive from their 
performance and cost standpoints. BMG products that have shown successful 
commercialization [35] are in the following areas: 1) Tungsten loaded 
Alloy System Properties 
Fe-based 1. Soft Magnetism (Glass, Nano-crystal) 
2. Hard Magnetism (Nano-crystal) 
3. High Corrosion Resistance 
Co-based 1. Soft Magnetism (Glass, Nano-crystal) 
2. High Strength 
3. High Corrosion Resistance 
Ni-based 1. High Strength, High Ductility 
2. High Corrosion Resistance 
Cu-based 1. High Strength, High Ductility (Glass, Nano-crystal) 
2. High Fracture Toughness, High Fatigue Strength 
3. High Corrosion Resistance 
Zr-based 1. High Strength, High Ductility 
2. High Elastic Limit 




composite BMG for defense applications such as armor and submunition 
components; 2) thinner forming technologies for electronic casings for mobile 
phones, handheld devices, mp3 players and cameras; 3) sporting goods such 
as golf clubs, tennis rackets, baseball and softball bats, skis and snowboards, 
bicycle parts, marine applications and fishing equipment; 4) medical devices 
such as reconstructive supports, surgical implants; and 5) fine jewellery such 
as watch casings, fountain pens, and finger rings. 
 
Table 1.3 Existing and potential BMG applications. 
 
Properties Application field
High strength Machinery structural materials 
High hardness Cutting materials
High fracture toughness Die materials
High impact fracture energy Tool materials
High fatigue strength Bonding materials
High elastic energy Sporting goods materials 
High corrosion resistance Corrosion resistance materials 
High wear resistance Writing appliance materials 
High reflection ratio Optical precision materials 
High hydrogen storage Hydrogen storage materials 
Good soft magnetism Soft magnetic materials 
High frequency permeability High magnetostrictive materials 
Efficient electrode Electrode materials
High viscous flowability Composite materials
High acoustic attenuation Acoustic absorption materials 
Self-sharpening property Penetrator materials 





Presently, the properties and applications for BMGs continue to be under 
extensive research and development. With the increasing GFA found in the 
various alloy systems, the future of BMGs proves to be bright with 
possibilities of BMGs gaining wider recognition and significance for greater 
exploitation in a wider variety of engineering and industrial applications. 
 
1.2  Formation of BMGs 
Generally for glass to form, nucleation must be avoided and/or the growth of 
competing crystalline phases inhibited. If the melt is quenched rapidly 
enough to avoid the nose of the time-temperature-transformation (TTT) curve 
as shown in Figure 1.4, glass can be formed. However, understanding glass 
formation, particularly in multi-component systems is extremely complex and 
involves a number of intertwined issues. In the past decades, both qualitative 
and quantitative methods have been developed to analyze and predict glass 
forming ability (GFA) and glass forming range (GFR) in the extensive search 
for new glass-formers. In this section we will look at glass formation from 




















1.2.1 Thermodynamics consideration 
Glass formation requires a low driving force for crystallization. BMGs in 
general, exhibit a weak tendency for crystallization. The driving force for 
crystallization is the Gibbs free energy difference, ΔGl-s between the 
supercooled liquid state, Gl  and the crystalline state, Gs. This is calculated by 
integrating the specific heat capacity difference ( )l spC T
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  (1.1)                 
Figure 1.4 Schematic diagram of glass formation by rapid solidification. Line 1
corresponds to crystallization at low cooling rate which result in no glass




where ΔHf and ΔSf  are the enthalpy and entropy of fusion respectively, at the 
temperature T0 which is defined as the temperature at which the Gibbs free 
energy of the crystal and the liquid are in equilibrium.  
 
In order to achieve a lower driving force ΔGl-s, a lower ΔHf and a higher ΔSf is 
required. Figure 1.5 shows the calculated Gibbs free energy of the 
supercooled liquid with respect to the crystal, ΔG(T) ( where ΔG(T) = ΔGl-s), as 
a function of supercooling for a selection of glass forming alloy systems 
systematically studied by Busch et al. [36, 37]. The temperatures are 
normalized to the alloy melting temperatures. From the graph, we can 
observe that GFA, as indicated by the low critical cooling rate, scales inversely 
with the driving force for crystallization, ΔG. This correlates directly to the 
above equation since BMGs which generally have better GFA are multi-
component and hence possess higher ΔSf with smaller ΔHf due to their dense 
random packing structure. These multi-component BMGS thus have smaller 
ΔG and are more thermodynamically favoured to form glass.  
 
1.2.2 Kinetics consideration 
In the framework of nucleation and growth kinetics, viscosity is a key 




system. The viscosity of a liquid, η can be expressed using the Vogel-Fulcher-
Tamman (VFT) relation:  
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where D* is the fragility parameter which lies between  1 and 100, Tr0 is the 
VFT temperature at which the barrier to flow tends to infinity, and η0 is a 
constant inversely proportional to the molar volume of the liquid. The 
fragility of a material describes the degree which viscosity of a supercooled 
















 Figure 1.5 Difference in Gibbs free energy between the liquid and the 
crystalline state for glass forming liquids. The critical cooling rates for the 
alloys are indicated in the plot as K/s values beneath the composition labels 





Figure 1.6 shows a “fragility plot” proposed by Angell [38] in which the 
viscosities of different glass forming liquids are compared in an Arrhenius 
plot for which the inverse temperature axis is normalized with respect to the 
glass-transition, Tg. On this normalized scale, the melting point is ~0.6. All the 
curves meet at 1012 Pa s which corresponds to the viscosity at Tg. From the plot, 
we can observe two distinct categories of liquid: 1) kinetically “strong” liquids 
such as SiO2 which depicts near-Arrhenius behaviour (straight line) and have 
significantly high viscosities; 2) kinetically “fragile” liquids such as o-
terphenyl which exhibit a strong temperature dependence behaviour of 
viscosity just above Tg and have viscosities that are up to eight orders of 
magnitude lower than those of the strongest liquids [38]. Generally these 
fragile liquids (D* < 10) are also typical for all pure metals, most metallic 
alloys and water, possessing viscosities of ~10-3 Pa at melting point. BMG 
forming alloys however, have much higher viscosities.  As shown in the plot, 
the stronger ones have viscosities more than four orders of magnitude higher 
than the pure metals.  
 
Though different BMG compositions show differences in their temperature 
dependent viscosities, they can be classified accordingly on a spectrum 
ranging from strong to fragile liquids. The fragility of the undercooled liquid 




shown in strong undercooled liquid greatly retards diffusion, leading to 
sluggish kinetics in the supercooled liquid state. As a result, the formation of 
stable nuclei in the melt is reduced and the further growth of 
thermodynamically favoured phases inhibited as mobility of the constituents 
is severely hindered. Thus, with both nucleation and growth of crystalline 
phases obstructed with higher viscosities in the supercooled liquid state, high 














Figure 1.6 Angell plot comparing the viscosities of different types of glass 








1.3 Parameters and empirical rules for glass 
formation 
One of the most obvious manifestations of GFA is given by the alloy’s critical 
cooling rate, Rc. for glass formation. However, these cooling rates reported so 
far are few as the measurements required are extensive and tedious [41-44]. 
The theoretical calculation for Rc  proposed by Uhlmann [45] requires a great 
knowledge of a large number of physical parameters as well as information of 
the viscosity over a wide temperature range which are simply too difficult or 
impossible to measure. Instead, parameters based on thermal properties 
which are easier to obtain are presently used to predict GFA. These GFA 
parameters and empirical rules for glass formation are reviewed briefly in this 
section.  
 
1.3.1  Trg Criterion 
The Trg criterion was first proposed by Turnbull in 1969 [46] and is one of the 
most widely used parameters for predicting GFA that has its roots in classical 
nucleation theory. The reduced glass temperature, Trg, is defined as the ratio of 
the glass transition temperature, Tg and the melting temperature, Tm. For glass 
to form, the melt must avoid nucleation and be rapidly quenched to a 
temperature below the glass transition temperature, Tg. In the scenario that 




formation is ultimately determined by the homogeneous nucleation rate 
which can be expressed as: 
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where kn is a model specific constant, b is a constant determined by the 
nucleus shape, N is the Avogadro’s number, V is the molar volume, σ is the 
solid/liquid interfacial energy, η is the viscosity of the melt, ΔHm and ΔSm are 
the enthalpy and the entropy of melting respectively, R is the gas constant, Tr 
is the reduced temperature T/Tm and ΔTr is the reduced undercooling (Tm-
T)/Tm.   
 
The classical plot of Log I against reduced temperature, Tr is shown in Figure 
1.7. Turnbull was able to determine that below a homogenous nucleation rate 
of 10-6/cm3s for an undercooled melt, the solidified microstructure would be 
fully glassy. Thus, the Trg criterion states that if Trg values were larger than 2/3, 
the homogeneous nucleation of the crystals in the undercooled melt would 

























will form. For lower Trg values of 1/2, much higher cooling rates (~107 K/s-1) 
would be required for glass formation which inadvertently affects the critical 
sizes of fully glassy alloys. Therefore, BMG formation can be expected for 












Figure 1.7 Variation of logarithm of homogeneous nucleation rate, I with 
reduced glass transition temperature Trg where Trg = Tg/Tm. Tg and Tm are, 
respectively the glass transition temperature and the melting temperature of 
alloys after Ref. [47]. 
 
Subsequent work on the Au and Pd alloy systems confirmed this prediction 
[6]. The Trg criterion for the suppression of nucleation in the undercooled melt 
remains as one of the best rule of thumb for predicting the GFA of alloy 
system today. This criterion has been slightly modified by Lu et al. [48] who 




Tl instead of Tm. This is because Tm is only the same for eutectic compositions 
and pure metals but not for other alloy compositions. Thus, Trg can be 
redefined as the ratio between the glass transition temperature Tg and 
liquidus temperature Tl. The key implication of this criterion implies that 
good glass formers are located about the eutectic compositions as that is 
where the Trg will reach its maximum since the liquidus temperature is the 
lowest at the eutectic point while glass transition temperature for an alloy 















Figure 1.8 Schematic diagram shows Trg reaches maximum value around the 




Experimentally, this is generally the trend and alloys with high GFA are 
usually located about its eutectic in many binary systems [49]. However, best 
glass formers have also been observed to be found at off-eutectic 
compositions [27, 50]. This cannot be explained by Turnbull’s criterion which 
is solely based on crystal nucleation theory. Growth kinetics has to be 
included in the consideration for evaluating GFA which will be discussed in 
Section 1.3.4.  
 
  
1.3.2 ∆Tx criterion 
In the late 1980s, Inoue discovered that most of their multi-component BMGs 
with good GFA corresponded with significantly large undercooled liquid 
region, ∆Tx which is defined as the difference between the onset temperature, 
Tx and the glass transition temperature, Tg [11].  ∆Tx gives an indication of the 
devitrification tendency of the undercooled glass and the resistance to 
crystallization when heated above Tg and is generally regarded as a 
measurement of thermal stability for metallic glasses [3]. The proposed ∆Tx 
criterion states that generally, the larger the ∆Tx, the higher the GFA. Figure 
1.9 shows GFA evaluated by either the critical cooling rate, Rc or critical 
thickness, tmax in which the larger the tmax, the lower the Rc and the better the 
GFA, is measured as a function of ∆Tx for various metallic glasses.  The linear 




larger the extent of the supercooled region, ∆Tx, the better the GFA. However, 
∆Tx is unable to provide an adequate analysis with regard to GFA upon melt 
solidification since Tx is obtained from calorimetric experiments and does not 
correspond to any specific cooling parameter.  
 
 
Figure 1.9 Relationship between critical cooling rate Rc, critical thickness tmax, 
and the extent of supercooled liquid region △Tx for various metallic glasses 
after Ref. [10]. 
 
 
1.3.3 Empirical rules  
In order to facilitate the formation of glass, one must frustrate the process of 




of glass formation, a ‘confusion principle’ [51] should apply. This principle 
indicates that to increase the chances of forming glass, a system should have 
more than three elements involved so as to decrease the chances of the alloy 
forming ordered structures of long-range periodicity. With that in mind, three 
empirical rules based on experimental data obtained from multi-component 
BMGs have been proposed by Inoue [10]. The three rules are a) a multi-
component system of at least three elements; b) an atomic mismatch of greater 
than 12% among the three main constituent elements; and c) negative heat of 
mixing among the three main constituents. Following the above three rules, 
alloys have shown to form structures that have higher atomic packing 
efficiency, smaller average atomic free volume and lower atomic diffusivity 
which promotes glass formation. 
 
1.3.4 Pinpoint strategy  
Parameters such as the reduced glass transition temperature criterion, Trg and 
the ∆Tx criterion have been used extensively in the evaluation and prediction 
of GFA. These criteria together with the three empirical rules, though with 
their merits, have not been sufficiently quantitative and comprehensive to 
help pinpoint the alloy composition with the optimum GFA. A more 
quantitative and explicit approach known as the “pinpoint strategy” has been 




which has shown much success in the discovery of BMGs in the Cu-Zr [54], 
Cu-Zr-Al [55], La-Al-Ni [50], and Fe-Y-B [56] alloy systems.  
 
Glass formation can be achieved either by avoiding nucleation altogether or 
by the suppression of growth of the crystalline nuclei. In this strategy, 
attention is focused on the latter since heterogeneous nucleation does occur in 
the most practical cases and yet, glass can form if the growth of the crystalline 
nuclei can be suppressed [52]. This is an extension of the classical 
solidification theory in which glass is considered as another competing phase 
alongside the eutectic and primary phases.  
 
A glass forms when its glass transition temperature isotherm, Tg is higher 
than the growth temperature of any of the possible crystalline phases. Upon 
cooling, the phase with the highest growth temperature is kinetically 
favoured and is observed in the solidified microstructure. By applying the 
competitive growth principle and since glass formation as another competing 
phase, complete suppression of crystal growth is expected when the 
temperature for glass formation, Tg is higher than all the other growth 
temperatures of all other competing phases. Thus, an explicit relationship 
between GFA and composition can be derived. This is shown for both the 





As a function of alloy composition in a eutectic system, the microstructure 
varies from a composite structure with primary phase α to a fully amorphous 
structure and then to another composite structure with primary phase β. (i.e. 
α + glass  glass  β + glass where α and β are two competing crystalline 
phases). Based on the above mapping, it is possible to strategically pinpoint 
the alloy composition with optimum GFA. The best glass former is found to 
be surrounded by alloys with the ability to form similar sized composites as 
shown in Figure 1.10. This strategy has also been extended successfully to the 
ternary eutectic system by treating the binary eutectic as primary phases and 
the ternary eutectic as the “real” eutectic phase. Therefore, by monitoring the 
 
 
Figure 1.10 Phase-formation maps which includes the glass and composite 
forming regions for the two kinds of eutectic system. (a) In a regular eutectic 
system, the best glass forming range includes the eutectic (Eu) composition. (b) 
In an irregular eutectic system, the easy glass forming range would be outside 






microstructure evolution with composition and eliminating the primary 
phases, one is able to locate the best glass former in both binary and ternary 
systems more strategically and with greater accuracy.  
 
1.4 Glass formation in Zr-based alloy systems 
Zr-based BMGs are a well known family of metal-metal BMGs given their 
high GFA and promising mechanical properties [57]. Studies in the binary Zr-
Cu alloys were carried out as early as the 1980s where the binary alloys were 
found to form glass over a wide range of compositions via melt spinning 
technique. This piqued the interest in ternary ZrCu-based glasses and 
extensive research was carried out in the 1990s. The Zr-Cu-Al alloy system 
has shown great success amongst the ternary Zr-based alloy systems having 
significantly wide supercooled liquid region of greater than 50 K over a large 
composition range, the highest of which having a ΔTx value of 88 K for 
Zr65Cu27.5Al7.5 [58]. Critical thicknesses of up to 10 mm have been reported for 
Zr50Cu40Al10 [59]. In the quaternary Zr-Al-Cu-Ni alloy system, 
Zr65Cu17.5Al7.5Ni10 was found to have an extended supercooled liquid region of 
127 K [60] and a significantly large critical thickness of  16 mm [15]. To date, 
the most prominent of Zr-based BMGs would be the pentary alloy 
Zr41.2Ti13.8Cu12.5Ni10Be22.5 developed by Caltech’s Johnson and Peker in 1992 [22].  




commercialized. With a measured cooling rate that can go as low as 1 K/s to 
date, Vit 1 is able form fully glassy rods with diameters of up to 25 mm which 
is the one of the largest reported critical thickness for Zr-based BMGs [32].  
 
1.4.1 Commercial Zr-BMG 
Vit 1 is a key representative of the commercialized Zr-BMGs that is presently 
available. Its excellent glass forming ability, together with its unique 
combination of mechanical properties makes it very attractive for various 
fields of applications. The higher corrosion and wear resistance properties of 
Vit 1 compared to the other conventional crystalline alloys are due to its 
unique atomic structure. In comparison with crystalline steels and Ti alloys 
which are conventionally used in the existing myriad of industries (see Figure 
1.11 and Table 1.4), Vit 1 has similar densities but possesses a much higher 
tensile yield strength of 1.9 GPa, Young’s Modulus of 96 GPa and a 
significantly large elastic strain to failure limit of ∼ 2%. The latter enhances the 
shape memory ability of the material for more specialized applications such 
as sporting equipment. The availability of such superior mechanical 
properties in its as-cast form is a major unique feature for Zr-BMGs unlike 
conventional metals which require expensive post-finishing. Like polymers, 
BMGs have the capability to be injection molded which is a very attractive 




for intricate and sophisticated design with micro-scale precision. The surface 
finish is smoother, shinier and more consistent, eliminating most costly post- 
finishing processes. 
 
1.4.2 Hindrances to large-scale production of Zr-BMGs 
Due to the attractiveness of the unique combination of properties for Zr-
BMGs for the realization of the numerous potential applications, large-scale 












Figure 1.11 Schematic illustration of typical strengths and elastic strain limits 
for various materials. Zr-BMGs have significantly higher strength and elastic 





Table 1.4 More superior properties of Vit 1 in comparison with the other 
crystalline alloys.  
 
Properties  Vit 1 Al alloys Ti alloys Steel alloys
Density (g cm-3) 6.1 2.6-2.9 4.3-5.1 7.8
Tensile yield strength, σy (GPa) 1.9 0.10-0.63 0.18-1.32 0.5-1.6
Elastic strain limit εel 2 ∼0.5 ∼0.5 ∼0.5
Fracture toughness, K1c (MPa m
1/2) 20-140 23-45 55-115 50-154
Specific strength (GPa g-1cm-3) 0.32 <0.24 <0.31 <0.21
 
attempts at commercializing these BMGs have seen limited success. In fact, 
compositions that have seen superior GFA and high thermal stability under 
laboratory conditions are not reproducible under large-scale production 
environments [61, 62]. This has been generally attributed to the presence of 
impurities such as oxygen, which forms crystalline phases leading to the 
reduction in GFA [63, 64]. Table 1.5 shows that with oxygen impurity, the 
GFA of Zr-based BMGs is reduced significantly by a factor of 3 or more.   
 
Since the formation of fully amorphous Zr-based BMGs is sensitive to 
impurities, stringent processing conditions have to be enforced during 
production which results in increased cost. Firstly, high purity raw materials 
have to be utilized during production which adds tremendously to the cost of 
production. For example, the market price of high purity Zr (i.e. crystal bar Zr) 
is approximately USD$500 per lb whereas for commercially-pure Zr (i.e. 




Table 1.5 The drastic reduction in glass forming ability as a result of oxygen 










High Purity Zr50Cu40Al10 Ternary 10 [59] 
Zr Zr57.5 Cu27.3Al8.7Ni6.5 Quaternary 14 [65] 
Zr50.7Cu28 Al12.3Ni9 Quaternary 14 [66] 
Zr65 Cu17.5Al7.5Ni10 Quaternary 16 [15] 
Zr55 Cu30Al10Ni5 Quaternary 30 [33] 
Zr52.5 Ti5Cu17.9Al10Ni14.6 (Vit 105) Quinary 10 [63] 
Zr41.2Ti13.8Cu12.5Ni10Be22.5 (Vit 1) Quinary 25 [32] 
Sponge Zr/ 
Zr with  
oxygen 
impurities 
Zr65Cu27.5Al7.5 Ternary 2 [67] 
Zr65 Cu17.5Al7.5Ni10 Quaternary ≤ 3 [68] 
Zr55Cu30Al10Ni5 Quaternary < 3 [69] 
Zr65 Cu17.5Al7.5Ni10 Quaternary < 3 [70] 
Zr62Cu15.5 Al10Ni12.5 Quaternary ∼ 3 [71] 
Zr52.5 Ti5Cu17.9Al10Ni14.6 (Vit 105) Quinary 4.5 [72] 
(Zr55 Cu20Al15Ni10)96Y4 Quinary ∼ 5 [73] 
Zr52.5 Ti5Cu17.9Al10Ni14.6 (Vit 105) Quinary < 6.4 [62] 
(Zr55Cu30 Al10Ni5)99.2Sc0.8 Quinary 7 [61] 
Zr53Cu19Al10Ni10Ti5Y3 6 components < 4 [69] 
 
vacuum (of at least 10-3 Pa), and high purity argon gas are required for 
production which also increases production costs. These factors are a great 
deterrent to the potential of large-scale production plans for Zr-based BMGs 
given their poor cost effectiveness. Therefore, there are significant research 
efforts focused toward the study of the vitrification during large-scale 
production for the commercialization of Zr-based BMGs today. Strategies to 
lower cost in terms of using cheaper raw materials and low vacuum 
processing, yet not compromising on the GFA Zr-based BMGs are of great 




1.5 Motivation and outline of the thesis 
There is a need to understand and overcome this detrimental effect in critical 
sizes observed in large-scale production of Zr-based BMGs so that 
comparable or even larger critical sized samples can be obtained in 
commercial production. This would lead to greater sustainability in the 
applications of BMGs especially for that in the Zr-based alloys. By doing so, 
we could perhaps provide a cheaper alternative in which one is able to use 
low-grade raw materials such as sponge Zr in a low vacuum casting 
environment to achieve similar critical sizes during large-scale production. 
Therefore, we are interested in the effect on GFA using sponge Zr, in a low 
vacuum casting environment which introduces oxygen impurities mimicking 
a typical industrial processing environment.  
 
This dissertation will begin by studying the effect of minor addition of oxygen 
in a simple binary system to better understand the effect of oxygen before 
progressing to the higher order ternary and quarternary alloy systems. Since 
oxygen is only present in small amounts relative to the base alloy elements, 
we will consider the function of oxygen as that of a minor addition element. 
In an attempt to further improve GFA, choice minor elemental additions of 
different atomic sizes such as Ni and Y will be employed which according to 




There are a total of six chapters in this thesis.  
In Chapter 1 (this chapter), the background to BMGs was introduced. 
The mechanism and general rules for glass formation in BMGS were reviewed 
followed by the motivation and outline of this present study.  
In Chapter 2, a description of the experimental procedures is provided.  
In Chapter 3, the effect of oxygen on glass forming ability for the 
simple binary Cu-Zr and ternary Zr-Cu-Al alloy systems is studied using 
sponge Zr at low vacuum casting conditions. The role of oxygen in the above 
two systems is discussed and its impact on both GFA and mechanical 
properties investigated.  
In Chapter 4, the minor addition of intermediate atom size Ni is 
studied on the best glass former (BGF) composition in the ternary Zr-Cu-Al 
alloy system using sponge Zr. The effect of Ni substituting Cu is discussed in 
a system containing oxygen impurity.  
In Chapter 5, the minor addition of large atom size Y is studied. A 
comparison of the effect of Y between the BGF composition of both the high-
content and low oxygen content ternary Zr-Cu-Al alloy system is made in 
order to qualify the general assumption of the role of Y as an oxygen 
scavenger. A new role for Y is proposed.  
Finally in Chapter 6, the results of this thesis are summarized and 
topics for further research are suggested. 














2.1 Alloy preparation 
Zr-based alloys studied were prepared by arc melting a mixture of 99.98% 
pure Zr (crystal bar Zr) or 99.4% pure Zr (commercial grade sponge Zr), 
99.999% pure Cu, 99.9% pure Al, 99.98% pure Ni and 99% pure Y. The arc 
melting was carried out under a high-purity argon atmosphere with the 
Edmund Buhler LSG-400 arc melting system under an applied current and 
voltage of 10 A and 240 V respectively. The compositions of the studied Zr-
2. Experimental Procedures 
32 
 
based alloys using either sponge Zr or crystal bar Zr were expressed 
nominally in their atomic percentage. Each ingot was melted repeated at least 
five times to ensure chemical homogeneity.  
 
2.2 Chill casting 
Two forms of chill casting were employed depending on the thicknesses of 
the rods required. For rods with diameters of 3 mm and below, water-cooled 
suction casting was employed whereas for rods with diameters of above 3 
mm, copper mold drop casting was carried out.  
 
2.2.1 Suction casting 
The suction casting equipment required for castings rods with diameters ≤ 3 
mm was modified from the Edmund Buhler D-7400 MAM-1 mini arc melting 
system by connecting a cylindrical copper mold to a container that would be 
vacuumed to a certain pressure. This introduced a pressure difference 
between the chamber and the container. Figure 2.1 shows the schematic 
diagram of the suction casting equipment. The alloy studied was re-melted on 
the top of the copper mold and the molten alloy immediately cast into the 
copper mold by opening the valve that was connected to the pre-vacuumed 
chamber. The resultant cast rods generally had a smooth outer surface 
showing good metallic luster with a diameter size dependent on the copper 
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mold used and a full length of 30 mm. Current for the melting of studied Zr-
based alloys was typically set at 10 A.  Figure 2.2 shows a photo of the suction 
casting equipment modified from the Edmund Buhler D-7400 MAM-1 mini 
arc melting system. Each as-cast rod was then sectioned for DSC, XRD and 




2.2.2 Copper mold drop casting 
Copper mold drop casting was carried out in the chamber of the Edmund 
Buhler LSG-400 arc melting system. After a homogeneous Zr-Cu-Al alloy 
ingot was prepared as indicated in Section 2.1, it was directly poured into the 
















  ≤ 3 mm 
Figure 2.1 A schematic diagram of the suction casting equipment. 














were usually 60 mm in length. Figure 2.3 shows the photo of the 8 mm copper 
mold and the crucible in the chamber of the LSG-400 arc melting system. 
Current for the melting of studied Zr-based alloys before drop casting was 
typically set at 10 A.  Each as-cast rod was then sectioned for DSC, XRD and 
OM analysis. 
 
2.3 Oxygen content analysis 
The oxygen content of the as-cast rods was determined using the LECO-TC 
436 nitrogen/oxygen analyzer based on inert gas fusion technique. The sample 





Figure 2.2 A photo of the suction casting equipment modified from the
Edmund Buhler D-7400 MAM-1 mini arc melting system. 
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process at temperatures up to (and in some cases, exceeding) 3000 °C in an 
inert gas (i.e. argon) environment. The oxygen in the sample reacts with the 
carbon from the crucible to form carbon monoxide (CO) or carbon dioxide 
(CO2). Oxygen is detected either as CO, CO2 or both using infrared detection. 
 
2.4 Microstructure characterization techniques 
2.4.1 X-ray diffraction 
X-ray diffraction (XRD) was carried out using a Philips PW 1729 generator, a 
Philips PW 1710 diffractometer and a Bruker D8 Advanced XRD machine 







8 mm copper 
mold
Figure 2.3 A photo of the 8 mm copper mold and crucible in the chamber of
the LSG-400 arc-melting system. 
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for the studies were 40 mA and 45 kV respectively. The diffraction angle 2θ 
ranged from 30 degree to 80 degree. XRD studies were carried out to identify 
the amorphous nature or the existing crystalline phases within the samples. 
The angular positions of the crystalline peaks were compared with values 
given in the Joint Committee on Powder Diffraction Standards (JCPDS) 
powder diffraction files.  
 
2.4.2 Optical microscopy and scanning electron microscopy  
Optical microscopy (OM) was carried out using an Olympus PME 3 optical 
microscope. Samples were mounted in cold setting resin and cured by adding 
one part of hardener to six parts of epoxy resin. They were continually 
grinded with 600 to 1200 grit silicon carbide papers, and finally with Al2O3 
powder to ensure an almost flawless surface prior to the etching process. 
Samples were then etched with a solution of concentrated HNO3 and HF and 
placed under the microscope for observation.  
 
Scanning electron microscopy (SEM) was carried out using a XL-FEG SEM for 
both high magnification morphological studies and surface analysis of the 
fractured cross sections after compression testing.  
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2.5 Thermal analysis 
2.5.1 Differential scanning calorimetry  
The differential scanning calorimetry (DSC) experiments were carried out in 
the DSC 2920 Modulate DSC (TA Instruments). Samples were scanned over a 
temperature ranging from room temperature to 550 °C at a heating rate of 
0.33 K/s in a purified argon atmosphere.  The resulting DSC traces were then 
analyzed by the Universal Analysis program. The glass transition 
temperature, Tg was taken to be the inflection point of the resulting DSC 
traces. The crystallization temperature, Tx was taken to be the onset point of 
the crystallization exothermic peak. The enthalpy of the crystallization was 
determined from the area of the exothermic peak in the DSC trace. The 
precision of the DSC measurements are ± 0.1 K for temperature measurements 
and ± 1% for enthalpy measurements.  
 
2.5.2 Melting studies 
Melting studies were carried out using the Netzsch 404 Pegasus DSC system. 
The samples were programmed to undergo a heating cycle from room 
temperature to 1400 °C at a heating rate of 0.17 Ks-1 under a constant flowing 
Ar gas. The samples were then cooled to room temperature at a cooling rate 
of 0.17Ks-1 in Ar. 
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2.6 Mechanical testing 
2.6.1 Uniaxial compression testing 
Uniaxial compression testing was conducted at room temperature with a 
constant engineering strain rate of 10-4 s-1 using the LLOYD (model EZ50) 
universal materials testing machine. The test specimens were about ~2 mm in 
length and 1 mm in diameter, providing a nominal aspect ratio of ∼2:1 as 
recommended by ASTM E9-89a (2000) for testing high strength materials.  
 
The compression specimens were first sectioned from the cast rods using a 
Struers diamond cutter, followed by a grinding process with a customized 
specimen jig to carefully grind the sample into “orthogonal” shape. The 
compression samples were then sandwiched between two tungsten carbide 
(WC) bearing blocks and their ends were lubricated by molybdenum 
disulfide premium grease. Each sample was carefully centered on the loading 
axis to ensure uniaxial loading. The engineering strain for each sample was 
calculated from the crosshead displacement after correction for machine 
compliance. 
 









Chapter 3  
 
 
Effect of Oxygen on GFA and 
Mechanical Properties in Binary Cu-












3.1.1 Role of oxygen on glass formation 
The main problem with using cheaper raw materials and low vacuum 
processing would be the introduction of impurities. Oxygen is one such 
impurity that poses the greatest threat in large-scale commercial casting of 
amorphous alloys as it would be almost impossible to ensure its complete 
eradication during the production process. The presence of oxygen impurities 
has been known to have a detrimental effect  on the glass forming ability (GFA) 
of Zr-based BMGs [63, 74]. Table 3.1 shows the correlation of various Zr-based 
BMGs with their varying oxygen contents in which higher oxygen contents 
correlates with poorer GFA and hence a reduction in critical sizes.  
 
The effect of oxygen impurity level in Zr alloys and its role in the 
crystallization kinetics of the undercooled melt has been previously studied 
[63]. The study showed that changing the oxygen content (O-content) of the 
alloy over the range of 250 – 5250 ppm, crystal nucleation kinetics was 
observed to change dramatically for alloy Zr52.5Ti5Cu17.9Ni14.6Al10. Figure 3.1 








Table 3.1 The correlation between oxygen content and GFA for various Zr-
based BMGs.  
 





150 <2 [75] 
750 2 [75] 
Zr80Pt20 
414 <0.04 [76] 
1053 0.04 [76] 
1547 <0.04 [76] 
Zr65Cu27.5 Al7.5 6800 2 [67] 
Zr62Cu15.5 Al10Ni12.5 3900 2 [71] 
Zr55Cu30Al10Ni5 
1300 <7 [61] 
1500 <5 [73] 
2800 3 [77] 
9000 <3 [69] 
Zr65Cu17.5 Al7.5Ni10 
1500 <5 [73] 
2800 3 [68] 
3000 3 [70] 
4800 <3 [68] 
(Zr55Cu30Al10Ni5)96Y4 1500 5 [73] 
(Zr52.5Cu17.9Ni14.6Al10Ti5)0.99Er1 16000 6.4 [78] 
(Zr55Cu30Al10Ni5)99.2Sc0.8 1300 7 [61] 
Zr52.5Cu17.9Al10 Ni14.6Ti5 
(Vit105) 
590 6.4 [62] 
2000 3.5 [79] 
Zr57Cu15.4 Al10Ni12.6Nb5 
(Vit106) 
560 3 [80] 
580 <3 [80] 
 
As O-content increases, the nose of the crystalline phase stability region of the 
TTT curve shifts to the left such that the crystallization incubation time (i.e. 
time before the onset of crystallization) decreases with increasing O-content. 
This trend strongly hints at oxygen induced crystallization being the rate 
limiting process even for the sample with the lowest O-content of 520 ppm 
studied. Thus, GFA is observed to be adversely affected by the presence of 
oxygen. The alloy Zr52.5Ti5Cu17.9Ni14.6Al10 has been suggested to be viewed as a 




six component system instead of just a five component system in which the 
dilute component oxygen plays a controlling role in determining the alloy’s 
GFA. The role of oxygen has thus been relegated to that of an impurity which 
affects crystal nucleation. Since critical cooling rate for glass formation in this 
system is dependent on O-content, a reduction in O-content is perceived to 














Figure 3.1 Time-temperature-transformation diagrams of alloys of 5250, 1250, 
750, 500 and 250 atom ppm oxygen respectively after Ref. [63]. 
 
 
The influence of oxygen on the crystalization behaviour on Zr-based alloys 
with varying oxygen contents have been extensively studied and metastable 
crystalline or quaicrysalline phases have been shown to be triggered by 




oxygen [64, 68, 81]. The study on the effect of oxygen on binary TM-Zr metallic 
glasses (TM = Fe, Ni, Co) have shown that the crystallization observed may 
been initiatied by the formation of metastable cubic phases stablized by 
oxygen instead of equilibirum componds [82].  Studies by Eckert et al. [64] and 
Gebert et al. [68] have shown that fcc NiZr2-type crystalline phase, also known 
as ‘big-cube’ phase have been triggered by oxygen and these act as 
heterogenous nucleation sites for the formation of CuZr2 and Zr6NiAl2 in the 
Zr-Cu-Al-Ni metallic glasses. A change in the crystallization processes from a 
single to a double stage has also been reported (see Figure 3.2). The splitting of 
a single sharp cyrstallization event observed for into at least two 
crystallization events at higher O-contents, [O] = 0.28% onwards, indicates a 
change in the mode of crystallization from simultaneous precipitation of 
several phases to a successive stepwise transformation into the equilibrium 
phases. This has provided further evidence for the presence of metastable 
quasicrystalline phases. Therefore, GFA decreases due to the increase in the 
number of crystallization events as increasing O-content lowers thermal 
stability of the Zr-Cu-Al-Ni alloys due to the decrease in the supercooled 
liquid region ΔTx .  
 
Also, atom probe studies have shown that oxygen redistribution takes place 
during the crystallization reaction and thus the kinetics of crystallization in Zr-
Cu-Al-Pd BMGs have been influenced [83]. These however have been 




concluded to be non-oxides but oxygen enriched regions that are formed as a 
result of preferential dissolution of oxygen to some crystalline particles to 
form metastable phases which are consistent with the pronounced metastable 















Figure 3.2 DSC scans for slowly cooled bulk Zr65Cu17.5Al7.5Ni10 samples with 
different O-content [O] after Ref. [68]. 
 
 
A recent study by Wall et al. [84] of the heterogeneous nucleation of VIT-105 
(Zr52.5Cu17.9Ni14.6Al10Ti5) using high purity and commercial purity raw materials 
have also shown evidence for the oxygen-stabilized intermetallic phase which 
is believe to be directly responsible for different superheating temperature, Tthr 
which must be exceeded prior to cooling or the the materials will crystallize at 




shallow undercooling. This parameter is found to be systematically dependent 
on O-content. Also the densities of the samples at temperatures above the 
solidus show an O-dependent hysteresis associated with state change also 
substantiates the presence of an oxygen-stablized intermetallic.  
 
3.1.2 Effect of oxygen on mechanical properties 
Oxygen has also been reported to affect drastically the mechanical properties 
resulting in a huge loss in both fracture strength and ductility for Zr-based 
BMGs as O-content is increased [62, 71, 80]. However, the mechanism for 
embrittlement has been observed to be different even for similar compositions 
[85]. The mechanism for embrittlement has been most commonly attributed to 
the presence of oxygen-containing oxide dendrites in the glassy matrix which 
act as crack nucleation sites [80, 86-88]. Conner et al. [80] has shown that while 
increasing oxygen content to above 580 ppm enabled the alloy to retain 90% of 
its compressive strength, almost all of its ductility was lost. This was 
attributed to the formation of Zr2Cu and Zr2Ni-type intermetallic oxide 
particles. Liu et al. [62] have shown that oxygen reduces ductility when the O-
content is increased to 3000 ppm. The embrittlement has been attributed to the 
formation of brittle crystalline phases in the alloy that contained high amount 
of oxygen. Keryvin et al. [86] showed that alloy Zr55Cu30Al10Ni5 containing 
2000 ppm of oxygen contained dendritic oxide defects which trapped oxygen. 




These crystalline dendrites were identified by fractomicrographs to be 
responsible for the embrittlement. However, this same alloy containing 300 
ppm of oxygen (which was fully amorphous) showed ductile behaviour even 
after fatique pre-cracking [87].  
 
Recent studies have also shown that even for monolithic Zr-based BMGs, the 
very presence of dissolved oxygen in glass [67, 71] result in embrittlement. Lu 
et al. [71] studied the effect of oxygen on the plastic deformation on a 
relatively ductile Zr-based BMG. Although there were no observable defect 
oxides, oxygen was found to increase yield and fracture strengths while 
dramatically decreasing the plastic deformability of the BMG (see Figure 3.3) 
for oxygen contents of 920 ppm and 3000 ppm respectively. It has been 
suggested that the presence of oxygen suppresses the formation of multiple 
shear bands which leads to the inability to sustain shear-band propagation. 
This results in changing the fracture mode from relatively ductile to 
catastrophic brittle fracture. Han et al. [67] also recently studied the 
mechanism for oxygen embrittlement on monolithic Zr-based BMG since the 
oxygen embrittlement phenomena has been isolated to Zr-based BMGs which 
has been identified to possess precipitations of various oxides or other oxygen-
containing crystalline phases in the amorphous matrix. Although no 
crystalline phases were found in the BMG with higher oxygen concentration, 




compressive plasticity has been found to decrease dramatically (see Figure 
























Figure 3.3 Typical stress-displacement curves for the two as-cast BMGs with 
different oxygen levels after Ref. [71]. 
 
 
monolithic BMG and hence there is presently no correlation between oxygen 
embrittlement and initial free-volume content. However, using geometrically 
constrained compression test, a slower rate of increase in free-volume content 
and shear band density during plastic deformation for the BMG with higher 
oxygen concentration has been ascertained [67]. Since formation of shear 
bands is a thermally activated process and is controlled by atomic mobility, 




oxygen has shown to increase activation energy and thus decreasing the 
alloy’s atomic mobility. This retards the initiation of shear bands and results in 
embrittlement. The decrease in atomic mobility has been suggested to be 
attributed to the effect of oxygen on the stability and fraction of full-
























Figure 3.4 Typical compressive engineering stress-strain curves of as-cast 
specimens with different diameters for Zr BMG having low O-content of 0.06 









3.2.1 GFA study in binary Cu-(Sponge Zr) alloy system 
Among the five eutectics found in the binary Cu-Zr alloy system, the GFA in 
the Cu8Zr3-Cu10Zr7 binary eutectic system [89] as shown in Figure 3.5 has 
received a great deal of careful study and has yielded relatively consistent and 
good GFA. This has been attributed to the fact that it has the lowest eutectic 
temperature of 885 °C at a eutectic composition of 38.2 at.% Zr with a steep 
liquidus temperature drop on the Cu8Zr3 side. The effect of alloying oxygen on 
GFA was systematically studied in this eutectic system. In order to introduce 
oxygen in a consistent manner into the system, we used commercial sponge Zr 
which has an O-content of approximately 1000 ppm. Crystal bar Zr with low 
O-content of 50 ppm was used as a benchmark though general comparisons 
will be made with well established literature in this particular Cu-Zr eutectic 
in the discussion section.  The effect of oxygen on the GFA in this Cu-Zr alloy 
system was studied using 2 mm rods by low pressure suction casting.  
 
Figure 3.6 shows the XRD patterns of the 2 mm rod samples of Zr36.5Cu63.5, 
Zr36.25Cu63.75, Zr36Cu64, Zr35.75Cu64.25, Zr35.5Cu64.5 and Zr35Cu65 made by sponge Zr. 
These alloys were found to have an O-content of approximately 750 ppm. For 
the Zr content of 36.5 at.% and 36.25 at.%, crystallite peaks upon an 
amorphous hump are observed in both alloys. The peaks have been identified 




to be the Cu10Zr7 phase. As Zr content decreases further to 36 at.% and 35.75 
at.%, fully amorphous rods were obtained as shown by a broad XRD 
maximum with no visible crystalline diffraction peaks. As the Zr content is 
further decreased, fully crystalline rods are formed as shown in the XRD 
spectrum. The crystalline diffraction peaks have been identified to be the 













Figure 3.5 Partial Cu-Zr phase diagram. 
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The corresponding morphologies of the centre of the longitudinal cross section 
of the rods are shown in Figure 3.7. In complement to the results obtained 















36.25 at.%, the phase amounts of the Cu10Zr7 decreases as shown in the non-
uniformly distributed islands in an amorphous matrix in Figures 3.7 (a) and  
3.7 (b) respectively. As Zr content decreases further, we have a relatively clean 
BMG at the composition Zr36Cu64 and Zr35.75Cu64.25 which exhibit a featureless 
optical appearance in   Figures 3.7 (c) and 3.7 (d) respectively characteristic of 


















Figure 3.6 XRD patterns for 2 mm as-cast rods of high O-content Zr36.5Cu63.5,
Zr36.25Cu63.75, Zr36Cu64, Zr35.75Cu64.25, Zr35.5Cu64.5 and Zr35Cu65 alloys.  




typical amorphous alloys. With a further increase, large amount of another 
crystalline phase showed up in the optical micrographs for both Zr35.5Cu64.5 and 



































Figure 3.7 Optical photos of the centre of the longitudinal cross sections for
high O-content (a) Zr36.5Cu63.5, (b) Zr36.25Cu63.75, (c) Zr36Cu64, (d) Zr35.75Cu64.25, (e)













Figure 3.8 shows the DSC curves for the 2 mm rods of Zr36.5Cu63.5, Zr36.25Cu63.75, 
Zr36Cu64, Zr35.75Cu64.25, Zr35.5Cu64.5 and Zr35Cu65 samples. All the samples with the 
exception of Zr35.5Cu64.5 and Zr35Cu65 show distinctive glass transition and 
undercooled liquid region. The values of ΔHx (enthalpy of crystallization), Tg, 
Tx and ΔTx are tabulated and listed in Table 3.2. As Zr content decreases from 
36.5 at.%, ΔHx values increases gradually, peaking at composition Zr36Cu64 with 
a ΔHx value of 52 J/g before gradually decreasing with a further decrease in Zr 
content. These DSC results are generally in good agreement with the 
corresponding morphology observations and XRD patterns. The optimum best 
glass former (BGF) composition is concluded to be found at Zr36Cu6 with a 
critical size of 2 mm.  
  















Figure 3.8 DSC curves for the 2 mm rods of Zr36.5Cu63.5, Zr36.25Cu63.75, Zr36Cu64,
Zr35.75Cu64.25, Zr35.5Cu64.5 and Zr35Cu65. 




Table 3.2 Tabulated data of thermal properties for the high O-content as-cast 
2mm Cu-Zr alloys. 
 
Alloy  ΔHx (J/g) Tg (K) Tx (K) ΔTx
Zr36.5Cu63.5 47 746 791 45 
Zr36.25Cu63.75 48 747 790 43 
Zr36Cu64 52 749 789 40 
Zr35.75Cu64.25 40 734 786 52 
Zr35.5Cu64.5 0 0 0 0 
Zr35Cu65 0 0 0 0 
 
 
This is in contrast to the BGF previously reported for this Cu8Zr3-Cu10Zr7 
binary eutectic system using crystal bar Zr (i.e. low O-content). According to 
Wang et al. [54], the optimum glass composition was found to be at Zr35.5Cu64.5 
with a critical size of 2 mm. This was easily reproducible and the featureless 
contrast in the optical photo together with the amorphous XRD spectrum as 
shown in Figure 3.9 ascertain that the alloy Zr36Cu64 using crystal bar Zr is 
fully amorphous. DSC analysis and melting studies for both the BGF - 
Zr35.5Cu64.5 (crystal bar) and Zr36Cu64 (sponge Zr) and their thermal parameters 
at different O-contents are summarized in Table 3.3 
 
Table 3.3 Tabulated thermal parameters for two different BGFs having a 





Composition ΔHx (J/g) Tg (K) Tx (K) Tl (K) ΔTx Trg 
150 (Crystal bar) Zr35.5Cu64.5 61 747 789 1241 42 0.602
750 (Sponge Zr) Zr36Cu64 52 749 789 1242 40 0.603
 
 























Therefore, a shift in composition for the BGF with changing O-content is 
observed. The composition shifts from Zr35.5Cu64.5 for the low oxygen alloys to 
Zr36Cu64 at high O-content alloys. The GFA is retained at a critical size of 2 mm 
for both the high and low O-content Zr-Cu alloy systems.  
 
3.2.2 Glass forming ability in Zr-Cu-Al Alloy System 
In previous studies [55], three adjacent eutectics namely the Zr2Cu-τ3-ZrCu, τ3-
 τ5-ZrCu and τ5-ZrCu-Cu10Zr7 in the ternary Zr-Cu-Al alloy system were 
discovered to have their own corresponding glass forming regions and BGF 
Low O-content
Best Glass Former: Zr35.5Cu64.5
Figure 3.9 Optical photo of centre of the longitudinal cross section with XRD
and DSC curves (insert) for the BGF Zr35.5Cu64.5, using crystal bar Zr.  


























with differing glass forming ability. The τ3-τ5-ZrCu eutectic system in the 
ternary Zr-Cu-Al alloy system was found to have the largest glass forming 
ability with a critical size of 8 mm at an optimum composition of Zr48Cu45Al7 
using crystal bar Zr as shown in Figure 3.10. This composition has since not 
been able to be easily reproduced. The results of the effect of oxygen on the 
glass forming ability of the ternary Zr-Cu-Al alloys in the τ3-τ5-ZrCu eutectic 













Figure 3.10 Glass forming zones in the ternary Zr-Cu-Al phase diagram in 
three adjacent eutectics. The highest GFA was found for in the τ3-τ5-ZrCu 
eutectic system.  The dashed line shows the ΔTx isotherm after Ref. [55].  
8 mm 




3.2.2.1 GFA in low O-content τ3-τ5-ZrCu eutectic system  
In order to reproduce the BGF for the τ3-τ5-ZrCu eutectic system, Zr48Cu45Al7 
was cast into an 8 mm copper mold using crystal bar Zr. However, our results 
show that the results reported by Wang et al. [55] are not reproducible as 
shown in the XRD patterns in Figure 3.11 which shows the XRD results for the 
5 to 8 mm as-cast rods of Zr48Cu45Al7. The latter shows that even when the 
critical size was reduced from 8 mm to 5 mm, small crystallite peaks of the τ3 
phase on a broad amorphous hump indicate that these alloys are not fully 













Figure 3.11 XRD patterns for best glass former of the τ3-τ5-ZrCu eutectic 
system of critical size 5, 6 and 8 mm.  











τ3Oxygen Content: 440 ppm
Composition: Zr48Cu45Al7




















τ35 mm as-cast rods
(a)
Figure  3.12 shows both the (a) XRD patterns and (b) the corresponding DSC 
curves of 5 mm as-cast rods at compositions Zr48Cu44Al8, Zr48Cu45Al7, 
Zr48Cu46Al6, Zr49Cu46Al5 and Zr49Cu47Al4 made of crystal bar Zr. The O-content 
was measured to be 420 ppm for these alloys. Diffraction peaks corresponding 
to τ3 upon an amorphous hump are observed as Al content decreases from 8 to 
6 at.% which indicate that these alloys are a composite of τ3 + amorphous. A 
broad amorphous hump with no visible crystalline diffraction peaks is 
observed for Zr49Cu46Al5, indicating that this is a fully amorphous sample. 
Diffraction peaks corresponding to the ZrCu phase upon an amorphous hump 
as Al content was further decreased to 4 at.% indicates that the alloy is a 
composite of ZrCu + amorphous. The above observation is in complete 
agreement with the DSC results which shows the largest heat of crystallization, 



































Table 3.4 summarizes the microstructure of the alloys along with their thermal 
parameters obtained from the XRD patterns and DSC curves respectively. This 
correlates very well with the optical photos that show the microstructure 
evolution as the composition moves towards the ZrCu phase in Figure 3.13.  
 
Table 3.4 Thermal parameters and microstructure of low oxygen Zr-Cu-Al 
alloys.  
 
Composition Microstructure Heat (J/g) Tg (K) Tx (K) ΔTx
Zr48Cu44Al8 Amorphous +  τ3 60 697 772 75
Zr48Cu45Al7 Amorphous +  τ3 64 699 765 66
Zr48Cu46Al6 Amorphous +  τ3 66 698 762 64
Zr49Cu46Al5 Fully Amorphous 70 689 751 62
Zr49Cu47Al4 Amorphous + ZrCu 62 684 745 61
 
Figure 3.12 (a) XRD patterns and (b) the corresponding DSC curves of 5 mm 
as-cast low O-content rods of Zr48Cu44Al8, Zr48Cu45Al7, Zr48Cu46Al6, Zr49Cu46Al5 
and Zr49Cu47Al4. 


























































As the alloy composition moves away from the τ3 primary phase (i.e. as the Al 
content decreases), the phase amounts of τ3 in the composite (amorphous + τ3) 
decreases (see Figures 3.13 (b) and 3.13 (c)). This corresponds to the slight 
Figure 3.13 Optical photos showing the microstructure evolution of the low
O-content 5 mm Zr-Cu-Al alloys within the τ3-τ5-ZrCu phase triangle.  
 
(a) Zr48Cu44Al8 (b) Zr48Cu45Al7 























increase in ΔHx values from 60 J/g to 66 J/g as Al content decreases from Al = 8 
at.% to Al = 6 at.%. A featureless contrast in the microstructure is shown for 
Zr49Cu46Al5 (see Figure 3.13 (d)), indicating that this alloy is fully amorphous. 
This is consistent with the XRD in which there is a broad amorphous hump 
with no visible crystalline diffraction peaks and a large heat of crystallization 
of 70 J/g. As Al content is further decreased to 4 at.%, we observe the huge 
lumps of ZrCu phase showing up. Attempts to increase the critical size of 
Zr49Cu46Al5 to 8 mm failed, and therefore the BGF for low O-content has a new 
composition of Zr49Cu46Al5 with a critical size of 5 mm.  
 
 
3.2.2.2 GFA in high O-content τ3-τ5-ZrCu eutectic system  
3.2.2.2.1 Critical casting thickness of 4 mm alloys in the τ3-τ5-ZrCu eutectic 
system 
Fourteen alloy compositions J1 to J14 have been cast into 4 mm rods using 
sponge Zr are shown in Figure 3.14. Their thermal properties and 
microstructures are summarized in Table 3.5. Optical morphologies are 
shown in Figures 3.15 and 3.16 and their corresponding DSC curves and XRD 
patterns are shown in Figure 3.17. The O-content measured for these alloys 
was approximately 1500 ppm.  
  




 BGF Zr49Cu46Al5  
(Low O-content, 5 mm rod) 
BGF Zr47Cu46Al7  





























Figure 3.14 The as-cast 4 mm rods of compositions J1-J14. BGF for the low and 













Table 3.5 Tabulated data of the thermal properties and microstructure for as-
cast 4 mm high O-content Zr-Cu-Al alloys.  
ID Composition Microstructure ΔHx (J/g) Tg (K) Tx (K) ΔTx
J1 Zr48Cu45Al7 Amorphous + τ3 61 699 759 60
J2 Zr48Cu44Al8 Amorphous +  τ3 53 697 764 67
J3 Zr49Cu44Al7 Amorphous +  τ3 59 690 755 65
J4 Zr49Cu45Al6 Amorphous +  τ3 60 688 750 62
J5 Zr50Cu45Al5 Amorphous +  τ3 50 711 749 38
J6 Zr47Cu45Al8 Amorphous +  τ3 53 700 766 66
J7 Zr47Cu46Al7 Fully amorphous 62 705 764 59
J8 Zr48Cu46Al6 Amorphous +  τ3 54 693 753 60
J9 Zr51Cu45Al4 Amorphous +  τ3 34 644 734 80
J10 Zr49Cu46Al5 Amorphous + τ3 58 690 753 63
J11 Zr47Cu47Al6 Amorphous +  τ3 60 698 756 58
J12 Zr48CU47Al5 Amorphous + ZrCu 43 699 758 59
J13 Zr49Cu47Al4 Amorphous + ZrCu 40 696 753 57
J14 Zr50Cu46Al4 Amorphous + τ3 58 684 743 59
 




Figure 3.15 Optical photos showing the microstructure for high O-content 4
mm alloys (a) J2, (b) J6, (c) J1, (d) J7, (e) J8, (f) J11, (g) J12 and (h) J13. 
ZrCu phase 
(c) J1: Zr45Cu45Al7 (d) J7: Zr47Cu46Al7 
(a) J2: Zr48Cu44Al8 (b) J6: Zr47Cu45Al8 
(g) J12: Zr48Cu47Al5 (h) J13: Zr49Cu47Al4 









τ3 phase τ3 phase 
τ3 phase
Figure 3.16 Optical photos showing the microstructure for high O-content 4 
mm alloys (a) J5, (b) J3, (c) J9, (d) J4, (e) J14 and (f) J10. 
(c) J9: Zr51Cu45Al4 (d) J4: Zr49Cu45Al6
(e) J14: Zr50Cu46Al4 (f) J10: Zr49Cu46Al5























































































Figure 3.17 XRD patterns and corresponding DSC curves for high O-content
Cu-Al alloys 4 mm as-cast J1-J14 rods in the τ3-τ5-ZrCu eutectic system. 
























































































The BGF composition for the low O-content alloy system, Zr49Cu46Al5 is shown 
to be a composite of τ3 dendrites in an amorphous matrix as shown in Figure 
3.16 (f). This is confirmed by the XRD pattern for Alloy J10 (see Figure 3.17) in 
which we see the diffraction pattern of the τ3 crystallites superimposed on an 
amorphous hump. Therefore, by shifting this composition away from the τ3 
phase and the ZrCu phase (since it is known that oxygen appears to assist the 
formation of large phases), a fully amorphous 4 mm rod was found at J7 - 
Zr47Cu46Al7. The broad hump with no visible crystalline diffraction peaks 
together with significant heat of crystallization, ΔHx of 62 J/g was obtained (see 
J7 for Figure 3.17) and an almost clean optical micrograph is obtained as 
shown in Figure 3.15 (d). J7 is surrounded by similar sized composites where 
the primary τ3 phase appears to be extremely stable and is present in almost all 
the composite microstructures obtained. 
 
3.2.2.2.2 Critical casting thickness of 5 mm alloys in the τ3-τ5-ZrCu eutectic 
system 
In an attempt to increase GFA, thirteen alloy compositions were selected for 
study as shown in Figure 3.18.  These alloys were cast into 5mm rods and their 
morphologies shown in Figures 3.19 and 3.20. Their corresponding DSC 
curves and XRD patterns are shown in Figure 3.21. The O-content measured 
for these alloys was approximately 1500 ppm.  




Table 3.6 A summary of the microstructure and thermal properties for 5 mm 
alloys I19, I15, I7, I1, I2 and I8 surrounding the BGF I6. 
ID Composition Microstructure ΔHx  (J/g) Tg (K) Tx (K) ΔTx
I1 Zr48Cu45Al7 Amorphous + τ3 47 695 754 59
I2 Zr48Cu44Al8 Amorphous + τ3 54 687 751 64
I6 Zr47Cu45Al8 Amorphous + τ3 60 705 770 65
I7 Zr47Cu46Al7 Amorphous + (τ3 + ZrCu) 56 702 766 64
I15 Zr46Cu46Al8 Amorphous + (τ3 + ZrCu) 51 705 772 67
I18 Zr47Cu44Al9 Amorphous + τ3 30 702 765 63

















Figure 3.18 High O-content 5 mm as-cast rods of selected alloy compositions. 
BGF compositions for high and low O-contents 5 mm alloys are indicated by 


























BGF Zr49Cu46Al5  
(Low O-content, 5 mm rod) 
BGF Zr47Cu45Al8  
(High O-content, 5 mm rod) 




From Figure 3.21, I6 (Zr47Cu45Al8) shows the highest amorphicity for this glass 
forming thickness having the smallest amount of crystalline diffraction peaks 
upon a broad amorphous hump with the highest ΔHx value of 60 J/g. This shift 
of composition in comparison to the BGF J7, of the 4 mm alloys could possibly 
be due to the slight differences in O-content in the final as-cast alloys. The 
microstructure and thermal data of alloys surrounding the BGF are 
summarized in Table 3.6. Figure 3.18 summarizes the BGF compositions both 
the high and low O-content 5 mm rods among selected alloy compositions for 
high O-content 5 mm as-cast rods.  
 
A 1 at.% shift from I6 shows a change in morphology. As the composition 
shifts away from I6 in Figure 3.19 (d) towards the τ3 phase, (i.e. Alloys I2, and 
I18), there is an increase in the volume percentage of τ3 phase observed in the 
composite structure as shown in Figures 3.19 (c) and 3.19 (a). Even as the 
composition I6 shifts to I1 and I7 which is a shift toward the ZrCu primary 
phase, only I7 shows a composite of (τ3 + ZrCu) while I1 dominantly shows a 
composite of only τ3 phase in an amorphous matrix as shown in the optical 
photos and corresponding XRD pattern in Figures 3.19 (e) and 3.21. I15 also 
shows a composite microstructure of (τ3 + ZrCu) in an amorphous matrix 
similar to I7. As the composition shifts towards the τ5 primary phase, alloy I19, 
shows a composite of (τ3 + τ5) in an amorphous matrix.  
 










































Figure 3.19 Optical photos showing the microstructure for high O-content 5 
mm alloys (a) I18, (b) I19, (c) I2, (e) I1, (f) I15 and (g) I7 surrounding the best 
glass former (d) I6. 




(b) I19: Zr46Cu45Al9 
(c) I2: Zr48Cu44Al8 (d) I6: Zr47Cu45Al8 
(e) I1: Zr48Cu45Al7 (f) I15: Zr46Cu46Al8 
ZrCu phase 
(g) I7: Zr47Cu46Al7 




As the composition shifts further towards the ZrCu primary phase (see Figure 
3.18 for alloys I8, I10 and I13), the amount of ZrCu phase is observed to 
increase in size from the optical images in Figures 3.20 (a), 3.20 (c) and 3.20 (e). 
At alloy I13, a fully crystalline alloy of (τ3 + ZrCu) is obtained (Figure 3.20 (e)). 









Figure 3.20 Optical photos showing the microstructure for high O-content 5 
mm alloys (a) I8, (b) I11, (c) I10, (d) I16, (e) I13 and (f) I17.  
(e) I13: Zr49Cu47Al4 
(a) I8: Zr48Cu46Al6 (b) I11: Zr47Cu47Al6 
(c) I10: Zr49Cu46Al5 (d) I16: Zr46Cu47Al7 
(f) I17: Zr46Cu48Al6 





remain stable even after the compositions have shifted away from it. Error! 
Reference source not found. summarizes the remaining alloy compositions, 
their microstructure and thermal data. 
 
  














































5 mm as-cast rods









































Figure 3.21 XRD patterns and corresponding DSC curves for selected high O-
content Zr-Cu-Al alloys with diameters of 5 mm. 




Table 3.7 A summary of the microstructure and thermal properties for alloy I8, 
I10, I11, I13, I16 and I17. 
ID Composition Microstructure Heat (J/g) Tg (K) Tx (K) ΔTx
I8 Zr48Cu46Al6 Amorphous (τ3 + ZrCu) 49 697 755 58
I10 Zr49Cu46Al5 Amorphous (τ3 + ZrCu) 10 700 751 51
I11 Zr47Cu47Al6 Amorphous (τ3 + ZrCu) 50 703 761 58
I13 Zr49Cu47Al4 Crystalline (τ3 + ZrCu) 6 700 750 50
I16 Zr46Cu47Al7 Amorphous (τ3 + ZrCu) 55 706 769 63
I17 Zr46Cu48Al6 Amorphous (τ3 + ZrCu) 51 702 764 62
 
 
The BGF composition I6 (Zr47Cu45Al8) has been found in the high O-content Zr-
Cu-Al alloy system respectively as shown in Figure 3.18 with a critical size of 
5 mm.  In comparison, the BGF for the low O-content Zr-Cu-Al alloy system, is 
found at Zr49Cu46Al5 as shown in Figure 3.18. The high O-content BGF is 
observed to shift away from both the τ3 and ZrCu primary phase, towards the 
τ5 primary phase. The melting curves for both the high and low O-content BGF 
compositions are shown in Figure 3.22 with the solidus and liquidus 
temperatures indicated by Tm and Tl respectively. A comparison of their 
thermal parameters are tabulated and shown in Table 3.8. The melting curve 
for the high O-content BGF, Zr47Cu45Al8 exhibits a single endothermic peak 
indicating a near eutectic composition. The melting curve for the low O-
content BGF, Zr49Cu46Al5 exhibits several melting events which indicates that 
the composition is off-eutectic. The high O-content BGF has a lower ΔHx value 
of 60 J/g in comparison to 70 J/g for the low O-content BGF counterpart. The 
latter possess a narrower supercooled liquid region of 62 K and lower Trg value 




of 0.576 in comparison with its high O-content BGF counterpart having ΔTx 














Table 3.8 Tabulated thermal parameters for the BGF compositions Zr47Cu45Al8 





















1500 (Sponge Zr) 
High O-content Zr47Cu45Al8 60 705 770 1134 1187 65 0.594
420 (Crystal bar) 
Low O-content Zr49Cu46Al5 70 689 751 1135 1197 62 0.576
1000 1100 1200 1300 1400
BGF Zr49Cu46Al5









(High O-content BGF, 5 mm rod)
Tm Tl 
Figure 3.22 Melting curves for the high and low O-content BGF compositions 
Zr47Cu45Al8 and Zr49Cu46Al5 respectively.  




3.2.3 Mechanical behaviour of low O-content and high O-
content Zr-based alloys 
The effect of oxygen on the mechanical properties of Zr-based alloys has been 
studied. Alloys Zr35.5Cu64.5, Zr36Cu64, Zr47Cu45Al8 and Zr49Cu46Al5 which are the 
BGFs of both the low O-content and high O-content in both the Zr-Cu and the 
Zr-Cu-Al alloy system respectively and their low/high oxygen counterparts 
have been selected for compression testing. These samples had a 1 mm 
diameter with a nominal aspect ratio of 2: 1. Before the compression test, both 
ends of the sample were carefully grinded by a designed device to ensure that 
they are nearly parallel to each other with an accuracy of more than 10 μm and 
were placed perpendicular to the loading axis. Compression test was carried 
out at room temperature with a constant engineering strain rate of 1 x 10-4 s-1. 
The fractured surfaces were then analyzed by SEM.  
 
3.2.3.1 Mechanical testing results for the binary Zr-Cu alloy system 
Figure 3.23 shows the typical stress-strain curves of the alloys containing both 
low and high O-content for the BGF compositions Zr35.5Cu64.5 and Zr36Cu64 of 
the low and high O-content alloys respectively. Their yield stresses and plastic 
strains are summarized in Table 3.9. 
 
 
















Table 3.9 Summarized data from the compressive stress-strain curves for 
binary Zr-Cu alloys. 
Binary Zr-Cu Alloy ID Composition Stress (MPa) Strain (%)
Crystal Bar Zr a) Zr35.5Cu64.5 2395 ± 5 0.9 ± 0.0
O-content - 150 ppm c) Zr36Cu64 2280 ± 30 0.4 ± 0.1
Sponge Zr b) Zr35.5Cu64.5 2450 ± 20 0 
O-content - 750 ppm d) Zr36Cu64 2120 ± 30 2.05 ± 0.35
 
It is observed that the two BGFs of different O-content (see Figures 3.23 (a)) 
and 3.23 (d)) have slightly different yield stresses and plastic deformation 
behaviour. The low O-content BGF Zr35.5Cu64.5 exhibits a higher yield stress of 
~2395 MPa while the high O-content BGF Zr36Cu64 exhibits a lower yield stress 
BGF 

























Figure 3.23 Compressive stress-strain curves of the alloys containing both low
and high O-content for each of the best glass former compositions a) Zr35.5Cu64.5
and c) Zr36Cu64 respectively. 




of ~2120 MPa. While both samples show a stage of serrated flow, they have 
different amount of plastic strain before fracture. Interestingly, the high O-
content Zr36Cu64 show a higher amount of plastic strain, ~2.1% as compared to 
the 0.9% for the low O-content Zr35.5Cu64.5. These were the observed results for 
different BGF compositions of the high and low O-contents alloys. 
 
In the case for results of the same composition with different O-content, the 
low O-content Zr35.5Cu64.5 showed similar yield stresses to its high O-content 
counterpart. Yet, there is a sharp difference in plastic deformation behaviour. 
For the high O-content Zr35.5Cu64.5, it shows a sharp brittle fracture whereas 0.9% 
of plastic deformation behaviour is observed for the sample with low O-
content of the same composition. In the case of the high O-content Zr36Cu64, it 
also exhibits a lower yield stress than that of its low oxygen counterpart. 
Though both samples show plastic strain with a stage of serrated flow, the 
high O-content Zr36Cu64 possesses a plastic strain of ~2.1% which is about 5 
times that of the low O-content sample which has a plastic strain of ~0.4%.  
 
Figure 3.24 shows the SEM images of the fractured surfaces and shear surface 
morphologies of the BGFs Zr35.5Cu64.5 and Zr36Cu64 for the low and high O-
content respectively in the Zr-Cu alloy system. The side views of both alloys 
show that both alloys fractured along one dominant shear band. From the top  
 


















view, the slip steps observed on the edge of the surface should correspond to 
the stable serrations – the deformation that occurs along the one dominant 
shear band shown in the stress strain curves. This is only observed for high 
oxygen Zr36Cu64 alloy thus demonstrating the shear events that progress 
within the dominant shear band of this alloy. This smooth zone is distinct 
from the vein pattern zone that comes after it (see Figure 3.24 (d)). However, 
no shear steps can be observed in low oxygen Zr35.5Cu64.5 alloy. This is 
probably due to the fact that the shear occurred in the secondary shear bands 
Figure 3.24  SEM images of the fractured samples of the BGFs in the binary 
Zr-Cu alloy system for (a) low O-content Zr35.5Cu64.5 and (c) high O-content 
Zr36Cu64 with their corresponding shear surface morphologies for (b) low O-














in which the serrations are produced though the alloy does finally fail along 
the one dominant shear band.  Hence we only observe the vein pattern zone 
typically of catastrophic fracture.  
 
Therefore, we observed enhanced plasticity in the high O-content Zr-Cu 
binary alloy system. The BGF of the high O-content, Zr36Cu64 possesses better 
ductility in comparison to the BGF for the low O-content Zr35.5Cu64.5. In terms of 
yield strength, the former encounters a 10% drop with respect to the latter.  
 
3.2.3.2 Mechanical testing results for the ternary Zr-Cu-Al alloy system 
Figure 3.25 shows the stress-strain curves of the alloys containing both low 
and high O-content for the BGF compositions Zr49Cu46Al5 and Zr47Cu45Al8 of 
the low and high O-content alloys in the ternary Zr-Cu-Al alloy system 
respectively. Their yield stresses and plastic strains are summarized in Table 
3.10.  
 
Table 3.10 Summarized data from the compressive stress-strain curves for 
ternary Zr-Cu-Al alloys. 
 
Ternary Zr-Cu-Al ID Composition Stress (MPa) Strain (%)
Crystal Bar Zr a) Zr49Cu46Al5 1955 ± 25 2.55 ± 1.25
O content – 420 ppm c) Zr47Cu45Al8 2185 ± 15 4.3 ± 2.4 
Sponge Zr b) Zr49Cu46Al5 2165 ± 5 0.95 ± 0.55
O content – 1500 ppm d) Zr47Cu45Al8 2150 ± 10 0

















In contrast to the binary Cu-Zr alloy system, the BGF with high O-content in 
the ternary Zr-Cu-Al alloy system, Zr47Cu45Al8 (Alloy I6) showed a total loss of 
ductility (see Figure 3.25 (d)). Only the low O-content BGF showed a stage of 
serrated flow, before failing catastrophically after a plastic strain of ∼2.6% (see 
Figure 3.25 (a)). The high O-content Zr47Cu45Al8 however does show slightly 
higher yield strength of ∼2150 MPa in comparison to its low O-content BGF 
which possesses yield strength of ∼1960 MPa.  
 
Figure 3.25 Compressive stress-strain curves of the alloys containing both low
and high O-content for the best glass former compositions a) Zr49Cu46Al5 and b)
Zr47Cu45Al8 of the low and high O-content alloys respectively. 
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Comparing the same composition with different O-content, the results 
generally show that for the ternary Zr-Cu-Al alloy system, higher O-content is 
accompanied by a loss in ductility. The low O-content Zr47Cu45Al8 shows 
similar values of yield strength in comparison to the high O-content 
Zr47Cu45Al8. The low O-content Zr47Cu45Al8 has a yield value of ~2190 MPa, 
while the high O-content has a yield value of ~2150 suggesting that strength is 
not O-content dependent in this scenario. However, plastic deformation 
behaviour is vastly different. The high O-content Zr47Cu45Al8 shows an 
absolute lack of plasticity and brittle fracture. The low O-content Zr47Cu45Al8 
shows significant amount of serrated flow before failing after a plastic strain of 
~4.3%. Both high and low O-content Zr49Cu46Al5 do show a stage of serrated 
flow before failure. However, the high O-content Zr49Cu46Al5 possesses a lower 
degree of plastic strain of ~1% in contrast to its low O-content of ~2.6%. The 
values of yield strength differ slightly showing that for the more brittle sample, 
the high O-content Zr49Cu46Al5 has a slightly higher yield strength of ~2170 
MPa compared to that of the low O-content Zr49Cu46Al5 at ~1960 MPa.  
 
Figure 3.26 shows the SEM images of the fractured surfaces and shear surface 
morphologies of the BGFs for low O-content Zr49Cu46Al5 and high O-content 
Zr47Cu45Al8 in the ternary Zr-Cu-Al alloy system. The side views show that 
ddd 
 


















both alloys fractured along one dominant shear band. This is typically of the 
fracture mechanism for BMGs. From the top view which shows the fracture 
surface, two morphologically distinct zones are also observed – a smooth zone 
and the zone with vein patterns (see Figures 3.26 (b) and 3.26 (d)). The 
relatively smooth zone on the periphery of the surfaces comprises of striations 
as shown in Figure 3.26 (b) whose patterns have been reported to arise from 
the intermittent sample sliding (shear). This corresponds to the amount in 
plastic strain shown in Figure 3.25 (a). For high O-content Zr47Cu45Al8, no 
Figure 3.26 SEM images of the fractured samples of the BGFs in the ternary Zr-
Cu-Al alloy system for (a) low O-content Zr49Cu46Al5, (c) high O-content 
Zr47Cu45Al8 with their corresponding shear surface morphologies for (b) low O-












obvious steps are observed in the large smooth zone as shown in Figure 3.26 
(d) and this corresponds to the brittle fracture undergone by the alloy with no 
apparent plastic strain. Though the high O-content Zr47Cu45Al8 failed in a 
brittle manner, both BGFs showed a second zone with vein patterns following 
the smooth zone (see Figures 3.26 (b) and 3.26 (d)).  The morphology study 
demonstrates that the relatively smooth zone is associated with the 
cooperative shear event(s), while the following zone with the vein patterns is 
associated with the catastrophic fracture.  
 
Unlike the Zr-Cu alloy system where the higher O-content BGF has shown to 
retain significant mechanical properties, the effect of oxygen appears to have a 
detrimental effect on the ternary Zr-Cu-Al alloys system resulting in a loss of 
ductility. Therefore, the low O-content BGF Zr49Cu46Al5 is shown to have more 
significant plasticity and hence better ductility than the high O-content BGF 
Zr47Cu45Al8.   
 
3.3 Discussion 
3.3.1 Effect of oxygen in Zr-based BMGs 
3.3.1.1 Effect of oxygen on glass forming ability  
As discussed in Section 3.1.1, the role of oxygen (O) in glass formation has 
been generally perceived to be that of an impurity. Its detrimental effect has 




been observed in its drastic reduction in critical sizes as shown in Table 3.1.  
This has been commonly attributed to the formation of crystalline phases via 
heterogeneous nucleation of oxides.  
 
Our results however show that for both the binary Cu-Zr and ternary Zr-Cu-
Al alloy systems that were studied, there was no apparent detrimental effect of 
oxygen observed in terms of critical size. For the high O-content compositions 
using commercial grade sponge Zr within the Cu8Zr3-Cu10Zr7 binary eutectic, 
glass forming ability is shown to retain, having a critical size of 2 mm for alloy 
Zr36Cu64 as shown in Table 3.3. The differences in O-contents have simply 
resulted in a shift in the BGF composition from Zr35.5Cu64.5 at low O-content 
(see Figure 3.9) to Zr36Cu64 at high O-content (see Figure 3.6) respectively. This 
0.5 at.% shift is observed to be away from the Cu8Zr3 phase toward the Cu10Zr7 
phase, at higher Zr content for high O-content alloys as shown in the 
schematic in Figure 3.27. It is imperative to note that the previous BGF 
composition Zr35.5Cu64.5 in the low O-content alloy is crystalline when we use 
sponge Zr (see Figure 3.6) which accounts for what appears to be the 
detrimental effect of oxygen. This drastic reduction in critical size occurs only 
if we retain the low O-content BGF composition while processing it at higher 
O-content.   
 
 















As for the ternary Zr-Cu-Al alloy system, glass forming ability is observed to 
decrease slightly for the high O-content alloys. A fully glassy rod was obtained 
at 4 mm for the high O-content alloys as shown in the optical micrograph for 
Alloy J7 in Figure 3.15 with its corresponding thermal data in Table 3.5 which 
unfortunately could not be repeated. For the low O-content 5 mm Zr-Cu-Al 
alloys, we obtained a fully amorphous BGF at Zr49Cu46Al5 as shown in Table 
3.4. For the high O-content 5mm alloys, we obtained a BGF at Zr47Cu45Al8 
which is a composite of amorphous and small amounts of τ3 phase as shown in 
Table 3.6. Therefore, we conclude that the BGF composition has shifted from 
Zr49Cu46Al5 at low O-content as shown in Figure 3.13 (d) to Zr47Cu45Al8 at high 
O-content as shown in Figure 3.19 (d) respectively. This is a similar trend to 
Figure 3.27 Shift of BGF composition from Zr35.5Cu64.5 for low O-content to 
Zr36Cu64 for high O-content towards the Cu10Zr7 primary phase.  
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what was observed for the Cu-Zr binary system. The differences in O-contents 
have yielded a shift in the compositions of the respective BGFs. For the Zr-Cu-
Al ternary alloy system, this shift of 3 at.% Al is observed to be in the direction 
toward the τ5 phase, away from both the ZrCu and τ3 phases as shown in the 













Similar to the Cu-Zr binary alloy system, it is also noted that the low O-
content BGF composition Zr49Cu46Al5 is a 5 mm ring-type composite of 
amorphous with τ3 and ZrCu phases when we use sponge Zr as shown in 
Figure 3.20 (c). This unexpected shift in BGF at different O-contents perhaps 
Figure 3.28 Shift of BGF composition from Zr49Cu46Al5 to Zr47Cu45Al8 towards 
the τ5 primary phase.  




accounts for the decrease in glass forming ability typically observed at higher 
O-content for Zr-based BMGs.  
 
We also observe that for both alloy systems studied, the competing phases for 
the high O-content alloys remain the same as the low O-content alloys. In the 
case of the binary Cu-Zr system, the competing crystalline phases observed as 
shown in the XRD patterns in Figure 3.6 changed from the Cu8Zr3 to Cu10Zr7 
when Zr content was increased which is the same with the low O-content 
compositions using crystal bar Zr [54]. In the ternary Zr-Cu-Al system, the 
phase triangle which the alloy compositions reside within remains the same i.e. 
τ3-τ5-ZrCu for both high O-content and low O-content alloys respectively. No 
new crystalline phases have been observed for the high O-content alloys in the 
Zr-Cu-Al alloy system. The τ3 and ZrCu phases have been clearly identified by 
the XRD spectrums as shown in Figures 3.21 and  3.12 (a) for high O-content 
alloys and the low O-content alloys respectively. These phases can also be 
clearly seen in the optical morphologies in Figures 3.19 and 3.13. This proves 
that the addition of oxygen does not affect the crystalline phases involved in 
phase competition but rather it is able to stabilize or destabilize certain 
competing phases. For the binary Cu-Zr phase diagram, oxygen appears to 
stabilize the Cu8Zr3 phase. We were able to eliminate the large Cu8Zr3 phase 
which led to the shift in BGF composition towards the Cu10Zr7 phase at higher 
O-content. As for the ternary Zr-Cu-Al phase diagram, oxygen appears to 




stabilize the dendritic τ3 and ZrCu phases. We were able to eliminate the large 
ZrCu phases but have been unsuccessful in eliminating the smaller dendritic τ3 
phase whose presence is prolific as shown in Figures 3.15, 3.16, 3.19 and 3.20.  
 
This strongly suggests that the effect of oxygen on glass formation in the Zr-
based alloys is unlikely to be through the heterogeneous nucleation of oxides 
which we see no evidence of in our study. Instead, oxygen is observed to 
stabilize the formation of existing competing crystalline phases within the 
phase triangle such as Cu8Zr3 in our binary Cu-Zr and ZrCu and τ3 phases in 
our ternary Zr-Cu-Al alloy system, similar to the function of many other 
alloying elements. As such, we propose that the oxygen be treated (at least at 
O-content levels ≤ 1500 ppm) to be that of an alloying element which has the 
potential of enhancing glass forming ability rather than being relegated as 
simply an impurity element.   
 
From the Zr-O phase diagram [90] shown in Figure 3.29, we observe that the 
solubility of O in Zr is relatively high. At about 2000 °C, the solubility of O in 
Zr is ~30 at.%. This is in comparison with the partial Cu-O [91] and Al-O [92] 
phase diagrams as shown in Figures 3.30 and 3.31 respectively. The 
solubilities of O in Cu and Al is ~0.3 at.% and ~1 at.% respectively which is 
extremely small and limited. Therefore, in the process of alloying Zr with a 
small amount of O, it is expected for the O to dissolve uniformly into Zr or its 




alloys and that no Zr-containing oxides will form. As a result, treating O as an 
alloying element instead of an impurity, its addition into the Zr-based alloy 
system would result in the finding of a new composition (different from the 
previous composition at low O-content) with good glass forming ability whilst 
applying the phase selection principle. This is in good agreement with our 
results thus far at the present O-content level given the compositional shifts 
we observe in the BGF of 0.5 at.% for the binary Cu-Zr alloy system and ~3 at.% 














Figure 3.29 The Zr-O phase diagram. 




Our above analysis also provides a reason for the perceived detrimental effect 
of oxygen in terms of the drastic decrease in critical size given that the original 
BGF at low O-content (produced by crystal bar Zr under high vacuum) is 
unlikely to be reproducible as the BGF at high O-content (using sponge Zr 
and/or at low vacuum during commercial production) since it has shifted to a 
new alloy composition (Figures 3.27 and 3.28).  It is imperative that we should 
anticipate and utilize such a shift and intentionally move the alloy 















Figure 3.30 The solubility of O in Cu. 

















3.3.1.2 Effect of oxygen on mechanical properties  
Previously in Section 3.1.2, we have discussed the drastic loss in ductility as a 
result of increased O-content in Zr-based alloys from various literature sources. 
This loss in ductility has been generally attributed to the presence of brittle 
crystalline phases in the alloy at high O-content. However, our results provide 
an interesting perspective in which the effect of oxygen appears to be different 
for the binary and ternary alloy system studied.  
Figure 3.31 The Al-O phase diagram.




In the binary Cu-Zr system, the BGF composition Zr34Cu64 for the high O-
content as shown in Figure 3.23 reveals a higher plastic strain of ~2% in 
comparison to the 0.9% for the BGF composition, Zr35.5Cu64.5 for the low O-
content.  The former however has a lower yield stress (~2100 MPa) in contrast 
with the yield stress of ~2400 MPa for the low O-content alloy BGF. This set of 
interesting results is contrary to the general norm that oxygen decreases 
plasticity which has led to the expectation that our alloys at higher O-content 
should exhibit lower ductility. Instead, we see an improvement in ductility in 
Zr36Cu64 for the BGF composition at higher O-content in comparison to the low 
O-content Zr35.5Cu64.5 ones. This can be attributed to the fact that we have no 
brittle dendritic phases present to reduce plasticity as Zr36Cu64 is fully 
amorphous at 2 mm at high O-content as shown Figure 3.7 (c).   
 
Low O-content BGF composition Zr35.5Cu64.5 using sponge Zr (in Figure 3.23) 
shows the commonly observed sharp drop in ductility with corresponding 
slightly higher yield strength ~2450 MPa typically observed for alloys with 
high O-content. This is not surprising given that high O-content Zr35.5Cu64.5 is 
crystalline as a result in the shift in BGF composition as shown by the large 
amounts of Cu8Zr3 crystalline phases at 2 mm as shown in Figure 3.7 (e). Even 
though the sample size of our mechanical test samples are at 1 mm, we also 
expect that these Cu8Zr3 crystalline phases to be still present which most 
probably accounts for the brittle fracture suffered by Zr35.5Cu64.5 at high O-




content. For the high O-content BGF composition Zr34Cu64 using crystal bar Zr, 
we observe that compared to its high O-content counterpart, ductility is 
reduced by a factor of 5 for the low O-content Zr34Cu6 as shown in Table 3.9. 
This could be attributed to the fact that Zr34Cu6 at low O-content is not the BGF 
composition which results in the fully amorphous high O-content BGF Zr34Cu6 
having greater plasticity.  
 
In the ternary Zr-Cu-Al alloy system however, the general trend in which 
increased O-content decreases ductility is observed, accompanied by slightly 
higher yield stresses as shown in Table 3.10. This decrease in plasticity can be 
accounted for. The lower plasticity for the low O-content BGF composition 
Zr49Cu46Al5 using sponge Zr is most probably a result of the presence of the 
ZrCu and τ3 primary phases as shown in Figure 3.20 (c). As for the high O-
content BGF composition Zr47Cu45Al8, the brittle fracture with no plasticity is a 
result of the presence of brittle τ3 dendrites which we had problem eliminating 
during our phase selection process as shown in Figure 3.19 (d) and has been 
observed in the morphology after fracture.  
 
In summary, we conclude that oxygen should not be considered as an 
impurity element but rather as a minor alloying element for glass formation in 
Zr-based alloy systems. This would imply that with an increase in O-content, 
the BGF found previously in the low O-content alloy will be expected to shift 




to a new composition since the effect of oxygen is found to stabilize or 
destabilize certain competing crystalline phases. This shift would be away 
from the competing phases stabilized by oxygen. Therefore, new BGFs that 
correspond with O-contents can be found while retaining or even enhancing 
GFA. Also, if we are able to obtain fully amorphous alloys at these new BGF 
compositions, plasticity would most probably be retained as well given that 
there are no crystalline phases to cause brittle failure. Therefore, armed with 
this knowledge, we are provided with the means of reproducing the BGF 
obtained previously under laboratory conditions, under less stringent 
industrial conditions by anticipating and utilizing the shifts in BGF 
compositions.  
 
3.3.2 Efficient cluster packing model for Zr-Cu and Zr-Cu-Al 
alloys 
Unlike the crystalline solids which has its foundation firmly grounded in an 
accurate and complete atomic structural model that consists of a unit cell – a 
precise and local representative structural element, which possesses long-
range translational periodicity, there has yet to be a holistic atomic structural 
model for metallic glasses. Metallic glasses are extremely complex and 
research over the past few decades has provided an extensive database for the 
characteristics of metallic glasses which unveil the structural complexities of 




randomness as a defining structural feature together with short range atomic 
order (SRO) and an unexpected amount of medium range atomic order (MRO) 
[93]. It is only recently that the efficient cluster packing (ECP) model proposed 
by Miracle [94] has attempted to provide a more holistic picture for metallic 
glasses. 
 
 The ECP model describes an atomic structural model for metallic glasses that 
extends beyond their nearest-neighbour shell unlike their previous atomic 
model counterparts. Efficiently packed solute-centred atomic clusters [95] are 
retained as local representative structural elements (RSEs) in this structural 
model. As such, the primary cluster forming solute species, α together with 
the solvent atoms, Ω are efficiently packed within the first coordination shell. 
An extended structure is produced by idealizing these α-solute centric clusters 
with Ω-solvent as spheres and efficiently packing these sphere-like clusters to 
fill up space. Generally, closed packed structures such as the face-centred 
cubic (fcc) and the hexagonal close-packed (hcp) structures are favoured as 
they fill space up most efficiently. The continuous fcc/hcp packing of the 
solute-centred atomic clusters introduces a physical basis for the 
experimentally observed solute ordering beyond the nearest-neighbour shell 
which in turn provides a basis for the observed MRO [93]. In addition to 
solvent atoms and the primary cluster-forming solute species, two additional 
sites are produced as a result of such a packing scheme. Just as there are 




tetrahedral and octahedral interstices that exist in an fcc structure, cluster-
tetrahedral and cluster–octahedral sites exist in the ECP model. However, 
unlike their crystalline counterparts, these are not seen as interstices but rather 
these are regions enclosed by efficiently packed α clusters into which Ω atoms 
may relax and produce local free volume sufficient to accommodate an 
additional solute atom.  Thus, if there are available solutes of correct sizes and 
chemical interactions available, rearrangement of these Ω atoms may result so 
as to achieve more efficiently packed configurations in which an additional 
solute atom replaces the local free volume.  The sizes of these solutes that can 
be best accommodated in these cluster-tetrahedral and cluster-octahedral sites 
can be vastly different from their Ω and α species. Therefore, the ECP model 
can be summarized to comprise of four topologically distinct atomic 
constituents including solvent atoms Ω and up to three solutes - a α solute that 
produces the primary structure-forming clusters, a β solute that occupies the 
cluster octahedral sites and a γ solute that occupies cluster-tetrahedral sites.  A 
schematic of the ECP model is shown in Figure 3.32.  
 
This model has provides us with the ability of predicting glass forming 
compositions for alloys. With this model, we will embark to determine its 
predictability and applicability in the Cu-Zr, Cu-Zr-O, Zr-Cu-Al, and Zr-Cu-
Al-O alloy systems.  
 














Table 3.11 A comparison between the experimental BGF composition and the 




ECP model Actual 
composition
of BGF Structure Site occupancy Predicted composition 
Cu-Zr <17>fcc 
β + γ  fully filled with Zr 
i.e. αβ = 1, αγ = 1
Cu71.36Zr28.64 Cu63.5Zr36.5 
  
β fully filled by Zr, γ half 
filled by Zr 





β filled, γ  vacant 
i.e. αβ = 1, vγ = 1
Cu83.29Zr16.71 (Dc = 2mm) 
 
β + γ both vacant  
i.e. vβ =1, vγ =1
Cu90.88Zr9.12  
 
The binary Cu-Zr alloy is considered to be a binary Ω−α alloy system where 
the solvent atom is represented by Ω  (Cu) and the solute atom is represented 
α (Zr). Since there are vacancies (v) in the cluster-tetrahedral and cluster–
(a) (b)
Figure 3.32 A schematic of the ECP model in the (a) {100} plane and in the 
(b) {110} plane of a single fcc cluster unit cell.  




octahedral sites, a number of scenarios are considered for site occupancy 
including vacancies (i.e vβ and vγ) and anti-site defects (i.e. αβ and βγ) on both β 
and γ sites. These possibilities have increased given that this is a simple binary 
system. Some of these proposed site occupancies have been tabulated in Table 
3.11. In the scenarios proposed, the α sites have been assumed to be always 
occupied by Zr atoms with differing occupancy percentages for the β and γ 
sites. In the table, the closest composition match seems to be when both the β 
and γ sites are fully filled with Zr. The maximum discrepancy between the 
predicted and actual composition is rather large at ~27 at.%.  
 
The binary Cu-Zr binary alloy system considering the influence of oxygen will 
be considered as a ternary Ω−α−β alloy system where the solvent atom is 
represented by Ω  (Cu) and the solute atoms are represented by α (Zr) and 
β (O) in decreasing atomic radii. Similarly, it assumes a number of scenarios 
for the site occupancy including vacancies and anti-site defects on both β and γ 
sites. Some of the permutations in site occupancy are tabulated in Table 3.12. 
The α sites have been assumed to be always occupied by Zr atoms. In Table 
3.12, the closest composition match seems to be when only 1% of the γ site is 
filled with O and the remaining β and γ sites are fully filled with Zr. The 
maximum discrepancy between the actual and predicted alloy compositions is 
~7 at.%. 
 




Table 3.12 A comparison between the experimental BGF composition and the 




ECP model Actual 
composition
of BGF Structure Site occupancy Predicted 
composition 
Cu-Zr-O <17-7>fcc 
γ fully filled with O 
i.e. βγ = 2 Cu71.36Zr7.16O21.48 Cu64Zr36 
 
γ half filled with O 




γ vacant  
i.e. vγ = 2 
Cu83.29Zr8.36O8.36  
 
γ fully filled with Zr 
i.e. αγ = 2 
Cu71.36Zr21.48O7.16  
 
γ fully filled with Zr, β 90% vacant
i.e. αγ = 2, βγ = 0.1, vβ = 0.9  Cu76.27Zr22.96O0.77  
  
γ fully filled with Ζr, β 90% filled 
with Zr 
i.e. αγ= 2, αβ = 0.9, β = 0.1 
Cu71.36Zr27.93O0.72  
  
γ fully filled with Zr, β 99% filled 
with Zr 




Various site occupancy scenarios based on Miracle’s ECP Model were also 
employed on the Zr-Cu-Al alloy system and some of them are tabulated in 
Table 3.13. The Zr-Al-Cu alloy system is a ternary Ω−α−β alloy system where 
the solvent atom is represented by Ω (Zr) and the solute atoms are represented 
by α (Al) and β (Cu) in decreasing atomic radii. The initial calculation 
considering complete occupancy in all the cluster-octahedral and cluster-
tetrahedral sites yields alloy composition Zr60Cu30Al10. In comparison with our 
 
 




Table 3.13 A comparison between the experimental BGF composition and the 




ECP model Actual 
composition 
of BGF Structure Site occupancy Predicted 
composition 
Zr-Cu-Al <12-10>fcc 
γ fully filled with Cu 
i.e. βγ = 2 Zr60Cu30Al10 Zr49Cu46Al5 
  
γ half filled with Cu 
i.e. βγ = 1, vγ = 1 Zr66.67Cu22.22 Al11.11  
  
γ  vacant 
i.e. vγ = 2
Zr75Cu12.5Al12.5  
  
Antisite Defect on Ω 
 (βΩ = 1/2, βγ = 2) Zr30Cu60Al10  
 (βΩ = 1/3, βγ = 2) Zr40Cu50Al10 
 (βΩ = 1/6, βγ = 2) Zr50Cu40Al10 
 (βΩ = 1/6, βα = 0.5, βγ = 2) Zr50Cu45Al5 
 
BGF Zr49Cu46Al5, the concentration of Zr and Al atoms are much higher while 
the concentration of Cu atoms has been under predicted. Therefore, we 
assume a number of scenarios for the site occupancy including vacancies and 
anti-site defects on Ω, β and γ sites. By assuming anti-site defects caused by Cu 
such as βΩ, βα and βγ, we are able to match our BGF composition rather well 
with a discrepancy of only 1 at.%. This best scenario considers Cu occupying 
1/6 of the Zr Ω−sites, half of the Al α-sites and all of the vacant γ−sites. 
 
Similarly, Table 3.14 shows the tabulated results for the ECP model 
calculations for Zr-Cu-Al-O alloy system. Since O has the smallest atomic size, 
it is considered as the γ solute which is expected to form γ-clusters while Zr-Al 
and Zr-Cu forms the α-clusters and β-clusters respectively. Since the initial 




calculation provides us with a very high concentration of O atoms and 
extremely low concentration of Cu atoms, we would expect to have significant 
amount of Cu atoms to be inserted into the cluster-tetrahedral sites to form 
βγ anti-site defects in this structure. As shown from our calculations, it appears 
that Cu would not only occupy the γ sites but also the Ω sites to form both βγ 
and βΩ anti-site defects. In doing so, we are able to match our actual BGF 
composition rather closely with a maximum discrepancy of 5 at.%. This best 
scenario considers Cu atoms having anti-site occupancy on 1/6 of the Zr 
Ω−sites and 1.98 of the O γ-sites.  
 
Table 3.14 A comparison between the experimental BGF composition and the 





ECP model Actual 
composition of 
BGF Structure Site occupancy 
Predicted 
composition 
Zr-Al-Cu-O <12, 10, 5>fcc γ fully filled with O Zr60Cu10Al10O20 Zr47Cu45Al8 
  
γ half- filled with O,




γ  fully filled with Cu, 
βγ = 2 Zr60Cu30Al10  
 (βΩ = 1/6, βγ = 2) Zr50Cu40Al10 











Our results in the high O-content Cu8Zr3-Cu10Zr7 eutectic system reveal that 
we have managed to develop a mechanism in which we are able maintain 
GFA at higher O-contents if a shift in BGF composition is anticipated. No 
change in competing phases is observed at different O-contents. The BGF 
compositions for alloys containing different oxygen contents are different. The 
BGF compositions are Zr36Cu64 and Zr35.5Cu64.5 for the high and low O-content 
systems respectively. Both alloy compositions have critical sizes of 2 mm. The 
apparent detrimental effect of oxygen is vividly evident if no change in BGF 
composition is anticipated. The low O-content BGF composition Zr35.5Cu64.5 
with a critical size of 2 mm is crystalline at high O-content. Oxygen is 
observed to stabilize the Cu8Zr3 phase and destabilize the Cu10Zr7 phase. A 
shift away from the phase stabilized by oxygen (i.e. Cu8Zr3) resulted in the 
discovery of a BGF composition at higher O-content.  
 
This mechanism has been successfully extended to the ternary Zr-Cu-Al alloy 
system where similar GFA is obtained at different O-contents with a shift in 
BGF composition. No change in competing phases is observed at higher O-
contents. The BGF compositions are Zr47Cu45Al8 and Zr49Cu46Al5 at high and 
low O-contents respectively. The latter is a fully amorphous alloy with critical 
size of 5 mm and the former is a 5 mm composite (almost fully amorphous 




alloy) of τ3 + amorphous. The BGF composition is pinpointed via phase 
selection in anticipation of a shift away from the oxygen stabilized τ3 and ZrCu 
phases. Again, the apparent detrimental effect of oxygen is observed if a shift 
in BGF composition is not anticipated as alloy Zr49Cu46Al5 at high O-content is 
a poor composite of τ3 + ZrCu + amorphous.  
 
The plasticity of these high O-content Zr-Cu based alloys has shown to be 
dependent on the presence of inherent crystalline phases upon processing 
instead of the mere presence of oxygen which has been touted to be the 
primary cause for embrittlement at higher O-contents. It is observed that 
plasticity for high O-content BGF alloy is larger than its low O-content 
composition counterpart. The brittle failure observed in the BGF alloy for the 
high O-content Zr-Cu-Al ternary alloy system is a result of the presence of 
brittle τ3 dendrites. Therefore, there is a very high possibility of retaining 
plasticity at higher O-contents provided the samples are fully amorphous with 
oxygen uniformly distributed in the matrix.  









Chapter 4  
 
 
Effect of Ni Minor Addition on GFA 






One of the most common and effective ways of improving GFA in BMGs is to 
increase the number of elements in the alloy system so as to lower the chance 
that the alloy can select viable crystal structures that facilitates crystallization 




[51]. The minor addition technique or microalloying technology has shown to 
play a very effective and important role in glass formation, thermal stability 
and property improvement of BMGs. This technology basically involves the 
adding of small amounts of alloying additions to existing BMGs for the 


















































































Figure 4.1. Atomic radii of the possible elements for microalloying in bulk 
metallic glasses. Solid symbols indicate the elements are presently being used 
after Ref. [97].  




elements have been selected for minor alloying additions in BMGs and they 
can be classified under three categories according to their atomic sizes: (1) 
small elements, (2) intermediate elements and (3) large elements as shown in 
Figure 4.1 [97]. In this chapter, we will focus on examining the effect of minor 
addition of intermediate elements on GFA.  
 
Typically, elements of intermediate atomic sizes that have been selected as 
minor alloying elements are the transition metals such as Fe, Ni, Co, Cu, Mo, 
Zn, Nb and Ti. Some of these elements’ effect on glass forming ability has been 
summarized in Table 4.1. 
 
Table 4.1 Summary of the effects of metallic minor element alloying additions 




Base alloy  
(at.%) 
Optimum 
content x  
(at.%)
Critical Size (mm) 
Ref. 
without with 
Fe Zr41Ti14Cu12.5Ni10-xBe22.5Fex 2 10 10 [98] 
(Cu60Zr30Ti10)100-xFex 1-4 3 3 [99] 
Ce70-xAl10Cu20Fex 2 2 5 [100] 
Ni (Cu60Zr30Ti10)100-xNix 2.5-3 3 4 [99] 
Ti40Zr25Cu15-xNixBe20 2-3 <14 14 [20] 
(Nd60Fe30Al10)100-xNix 8 <3 >3 [101] 
Fe58Co10-xNixZr10Mo5W2B15 4 <2.5 3 [102] 
Ce70-xAl10Cu20Nix 2 2 5 [100] 
Co (Cu60Zr30Ti10)100-xCox 1-4 3 3 [99] 
Ce70-xAl10Cu20Cox 0.5-2 2 10 [100] 
 




Generally, it can be observed that the effects of these intermediate size 
elements are more or less not very significant in terms of enhancing GFA. In 
fact, Zhang et al. [99] have shown that the addition of 1 - 4 at.% of Fe or Co to 
Cu60Zr30Ti10 simply serves to maintain the critical size of the alloy at 3 mm. 
Further increase to 5 at.% in Fe or Co content only resulted in the decrease in 
critical size to 2 mm. The only exception was the addition of 2.5 to 3 at.% of Ni 
which showed an increase in GFA from a critical size of 3 to 4 mm for the Cu-
Zr-Ti alloys. Only in the Ce-based BMGs [100] was there a stark increase in 
enhancement with minor addition of 2 at.% Fe, Ni and Co. There was an 
increase GFA from 2 mm without minor addition for Ce70Al10Cu20 to 5, 5 and 
10 mm with minor element additions of Fe, Ni and Co respectively. In the Zr 
[98] and Ti-based [20] alloy systems, GFA was more or less maintained with 
minor improvement with the addition of 2 at.% Fe and 2 to 3 at.% Ni 
respectively. In fact, Ni addition appears to be the most consistent in 
improving glass forming ability marginally in the various alloy systems listed 
in Table 4.1.  
 
In this chapter, the investigation on the effect of the addition of a similar 
atomic size element on high O-content Zr-Cu-Al alloys is reported.  Ni (0.124 
nm) has been selected given its similar atomic size to Cu (0.128 nm) and its 
effect on the glass formation in the (sponge Zr)-(Cu-Ni)-Al in the τ3-τ5-ZrCu 
eutectic system is studied. The best glass former composition from the 5 mm, 




ternary Zr-Cu-Al, Zr47Cu45Al8 will be used as the starting composition. 
Varying amounts of Ni were added in respect to Cu in the ratio Zr47Al8(Cu1-
xNix)45 where x  = 0.05, 0.1 and 0.15 respectively. This correlates to the minor 
addition of 2.25, 4.5 and 6.75 at.% Ni content respectively. Rods of 8 mm were 
cast by drop casting method and were examined by the optical microscope, 
XRD and DSC.  
 
4.2 Results 
Figure 4.2 shows the optical morphologies of both the edges and the centres of 
the longitudinal cross-sections rods for the high O-content 8 mm rods having 
compositions Zr47Al8(Cu1--xNix)45 where  x  = 0.05, 0.1 and 0.15 respectively. All 
the centres of the rods show clearly the presence of the dendritic τ3 phase. As 
Ni content increases, the amount and size of τ3 phase at the centre of the rods 
decreases slightly from x = 0.05 to x = 0.1 as shown in Figures 4.2 (aii) and 4.2 
(bii) respectively. The size of τ3 phase increases more significantly from x = 0.1 
to x = 0.15 alongside the large ZrCu phase as shown in Figures 4.2 (bii) and 4.2 
(cii) respectively. The edges of the longitudinal cross-section of the rods are 
relatively clean for x = 0.05 and x = 0.1 (see Figures 4.2 (ai) and 4.2 (bi) 
respectively), showing that the edge of these samples are amorphous. Only for 
x = 0.15 do we observe the presence of the ZrCu phase as shown in Figure 4.2 
(ci).  























Figure 4.3 shows the XRD patterns of the corresponding alloys Zr47Al8(Cu1-xNix) 
where x  = 0.05, 0.1 and 0.15 respectively. As shown by the XRD patterns, no of 
amount of Ni minor addition to the base composition Zr47Al8Cu45 was 
Figure 4.2 Optical photos of both the i) edges and the ii) centres of the























successful in producing a fully 8 mm amorphous sample. All the samples 
contained appreciable amount of crystals as evident by the presence of sharp 
Bragg peaks superimposed on a broad halo peak. With the addition of 2.25 at.% 
Ni (x = 0.05), a composite of τ3 and amorphous was formed. The amount of τ3 
phase decreases lightly as shown by the lesser amount of crystallite peaks 
upon a broad amorphous hump at 4.5 at.% Ni (x = 0.1). By increasing the Ni 
content to 6.75 at.% (x = 0.15), some ZrCu crystalline peaks appear and the 
amorphous hump reduces significantly, showing that the amorphicity of the 
sample is greatly reduced. The results of the XRD patterns are consistent with 
the observed morphologies in the optical as shown in Figure 4.2.  
 
The corresponding DSC curves are shown in Figure 4.4. All the alloys show 
distinctive glass transition, undercooled liquid region, and crystallization. 
They are in good agreement with the optical and XRD results in which the 
heat of crystallization, ΔHx values increases gradually from 38 J/g to 40 J/g as 
the Ni content increases from x = 0.05 to x = 0.1. A further increase in Ni 
content to x = 0.15 shows a sharp drop in the ΔHx value 19 J/g, indicating a 
significant drop in amorphicity. Also, the addition of Ni did not change the 





















The combined thermal parameters are summarized in Table 4.2 along with 
their melting curves in Figure 4.5. The melting curves show two endothermic 
events upon Ni addition in contrast to the single endothermic event without 
Ni addition (see Figure 3.22). The melting temperature, Tm decreases by 16 K 
upon addition of 2.25 at.% of Ni from 1134 K without Ni addition (see Table 
3.8). It further increases by 3 K to 1121 K at 4.5 at.% Ni before decreasing to 
1118 K at 6.75 at.% Ni. The liquidus temperature, Tl drops by 10 K upon initial 
addition of 2.25 at.% Ni from 1187 K without Ni addition. Further increase of 














Diameter = 8 mm 
x = 5 at.%
x = 10 at.%
x = 15 at.%
Figure 4.3 XRD patterns for high O-content 8 mm alloys of Zr47Al8(Cu1-xNix)45
where x = 0.5, 0.1 and 0.15 respectively. 
x = 0.05 
 0.1
x = 0.15 




Ni content to 4.5 at.% saw an increase of Tl to 1186 and finally to 1199 K at 6.75 
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Figure 4.4 DSC curves for high O-content 8 mm alloys of Zr47Al8(Cu1-xNix)45

















Figure 4.5 Melting curves for high O-content 8 mm alloys of Zr47Al8(Cu1-xNix)45
where x = 0.05, 0.1 and 0.15 respectively. 




Table 4.2 Tabulated thermal properties for high O-content 8 mm alloys of 
Zr47Al8(Cu100-xNix)45 where x = 5, 10 and 15 respectively.  
 
x Ni Content (at.%) ΔHx (J/g) Tg (K) Tx (K) Tm (K) Tl (K) ΔTx Trg
0.05 2.25 38 706 768 1118 1177 62 0.6
0.1 4.5 40 707 768 1121 1186 61 0.59
0.15 6.75 19 713 768 1118 1199 55 0.59
 
Since alloy x = 0.05 (4.5 at.% Ni) has better GFA in terms of higher ΔHx, a study 
was carried out on this amount of Ni with different casting sizes. A 
comparison between 3 casting sizes – 5 mm, 8 mm, and 10 mm were carried 
out. The XRD patterns and DSC curves of these ingots are shown in Figure 4.6 
and a tabulated data of their thermal properties are shown in Table 4.3. The 










As the casting size increases, we observe that the amorphicity of the samples 
decreases significantly as seen in the XRD patterns. The intensity of the 
(a) (b) 
Figure 4.6 a) XRD patterns and b) DSC curves of Zr47Al8(Cu0.9Ni0.1)45 alloys of
critical sizes 5 mm, 8 mm and 10 mm respectively.  
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crystalline peaks increases with critical size. The ΔHx values decreases from 63 
J/g to 40 J/g to 3 J/g as their casting size increases from 5 mm to 8 mm to 10 
mm respectively. This corresponds to the larger size and greater amount of τ3 
phase observed in the optical photos as the critical size increases. For the 10 

















Figure 4.7 Optical photos of Zr47Al8(Cu0.9Ni0.1)45 alloys containing high O-
content of critical sizes 5 mm, 8 mm and 10 mm respectively. 
a) b)
c) 




Table 4.3 Tabulated thermal data for 5 mm Zr47Al8Cu45 and Zr47Al8(Cu0.9Ni0.1)45 
alloys containing high O-content of differing critical sizes. 
 
Composition Diameter 




(K) ΔTx Trg 
Zr47Al8Cu45 5 60 705 770 1134 1187 65 0.5944
Zr47Al8(Cu0.9Ni0.1)45 5 63 707 775 1121 1186 68 0.596
Zr47Al8(Cu0.9Ni0.1)45 8 40 707 768 1121 1186 61 0.596
Zr47Al8(Cu0.9Ni0.1)45 10 3 710 768 1121 1186 58 0.599
 
Alloy Zr47Al8(Cu0.9Ni0.1)45 with critical size of 5 mm shows a slight 
improvement in glass forming ability over the ternary base composition (see  
Figure 3.19 (d)) as shown in its XRD pattern and higher ΔHx value of 63 J/g in 
comparison to the latter’s 60 J/g indicating higher amorphicity. The reduced 
temperature Trg and supercooled liquid region ΔTx (see Table 4.3) also show a 




4.3.1 Effect of minor addition of Ni on GFA 
Our results show that the minor addition of 2.25, 4.5 and 6.74 at.% Ni do not 
have a very significant impact on the glass forming ability in our high O-
content Zr-Cu-Al alloy system. GFA has only been shown to improve 
marginally. The heat of crystallization listed in Table 4.3 showed a slight 
increase in its heat of crystallization from 60 to 63 J/g which indicates slightly 




higher amorphicity. The critical size of the alloy remains at 5 mm. 
Microscopically, we observe that the size of the τ3 phase is reduced (< 10 μm) 
upon Ni addition at x = 0.1 indicating an improvement in GFA upon Ni as 
shown in Figure 4.7 (a). This size is smaller than that of ~25 μm for Zr47Cu45Al8 
as shown in Figure 3.19 (d). The reduced intensities of the diffraction peaks of 
the τ3 phase shown in Figure 4.6 (a) as compared to the diffraction peaks for 
Zr47Cu45Al8 shown in Figure 3.20 also indicates the decrease in amount of τ3 
phase upon Ni addition at x = 0.1. As such, we conclude there is a slight 
improvement in the GFA for high O-content Zr47Al8(Cu1-xNix)45 upon addition 
of Ni which corresponds to an addition of 4.5 at.%.  
 
Figure 4.8 shows the changes in the various thermal parameters Tg, Tx, ΔTx, Tm, 
Tl and Trg as a function of Ni content. Their values are listed previously in 
Tables 4.2 and 4.3. These thermal parameters are mildly affected by the 
addition of Ni. The glass transition temperature, Tg is observed to increase by 
11 K as Ni content increases from x = 0.05 to x = 0.15. The value of the onset of 
crystallization temperature, Tx remains unchanged with increasing Ni content 
and as such a decrease in the supercooled liquid region is observed with 
increasing Ni content. The lowest ΔTx of 55 K corresponds with poorest glass 
forming ability observed for 6.75 at.% of Ni content. However, the slightly 
higher value of ΔTx of 61 K for x = 0.1 do not coincide with the greater 




amorphicity observed when compared to ΔTx for x = 0.05 which has a value of 
62 K. This difference is noted to be marginal.  
 
The change in the number of endothermic events from one to two in the 
melting curves with Ni addition as shown in Figure 4.5 indicates that the 
alloys are at off-eutectic compositions. Depressions to both the liquidus and 
melting temperatures  are observed upon initial Ni addition at x = 0.05 though 
the depression is not significant with a difference of only 10 K for Tl and 16 K 
for Tm respectively. A further increase in Ni content results in an increase in Tl  
as shown in Figure 4.8 (a) while Tm remains constant even as Ni content 
increases to x = 0.15.  The maximum liquidus depression is not correlated with 
better glass forming ability as it occurs only for x = 0.05. The liquidus 
temperature, Tl  for the best glass former Zr47Al8(Cu0.9Ni0.1)45 is similar to that of 
the base composition without Ni addition, Zr47Al8Cu45, with a difference of 
only 1 K (see Table 4.3).  
 
The impact of Ni addition is not greatly apparent from the above thermal 
analysis. This is in spite of the fact that it has a strong negative heat of mixing 
with the Zr solute atom, which has the highest value of -49 kJ/mol, the most 
negative amongst all the atomic pairs in Zr-Cu-Ni-Al alloys. The Zr-Cu pair 
has a negative heat of mixing of only -23 kJ/mol in comparison. The minor 
addition amount of Ni in our study may not to be sufficient enough to impact 




















the chemical interactions between the elements but sufficient enough to give a 
slightly better GFA. This addition of an extra element into the mix is able to 
‘confuse’ the liquid sufficiently to provide us with a slightly improved GFA 
upon optimum minor Ni addition. However, we cannot explain why upon 
further increase Ni content, GFA deteriorates. Yet, it has been reported in the 
Zr–based alloy system [15] in which a significant amount of Ni addition via 






























































Figure 4.8 The thermal parameters of Tg, Tx, ΔTx, Tm, Tl and Trg for Zr47Al8(Cu100-
xNix)45 for x = 0.05, 0.1 and 0.15.  




the row substitution technique results in an improvement in GFA. When Ni 
addition is approximately 10 at.%, GFA is observed to increase significantly by 
a factor of at least 2 for the Zr-Cu-Al-Ni alloy systems as illustrated in Table 
4.4 which shows the effect of row substitution on GFA in various BMG 
systems including the Zr-based. Generally, the GFA increases by a factor of 2 
or more upon substituting with > 5 at.% of an element in the same row in the 
periodic table not including (Cu60-xNix)Zr30Ti10 which is an exception. This is in 
contrast to the minor addition technique in the case for similar atomic sized 
elements addition in small amounts in which GFA is at best marginally 
improved.  
 
It is important to note that in spite of the significant negative heat of mixing 
that Ni has with the constituent alloys (the Ni-Al has a value of -22 kJ/mol), 
competing phases in the Zr-Al-(Cu,Ni) alloys remain unchanged upon minor 
addition of up to 6.75 at.% Ni, This is most probably due to the fact that Ni 
and Cu have complete solid solubility as shown in the Cu-Ni phase diagram 
in Figure 4.9 [103] as both elements fulfill the Hume Rothery rule for mixing.  
 
The detrimental effect of oxygen in not observed despite the fact that our 
compositions are in a high O-content alloy system as commercial sponge Zr 
has been used at low vacuum conditions. The effect of oxygen has been 
reported to result in the precipitation metastable fcc NiZr2-type phases which  














Critical Size (mm) 
Ref. 
without with 
Ce-based (Ce-La-Pr-Nd)65Co25Al10 - - 15 [104] 
La65Co25Al10 - 2 - [104] 
Ce65Co25Al10 - 2 - [104] 
Pr65Co25Al10 - 4 - [104] 
Nd65Co25Al10 - 3 - [104] 
Cu-based (Cu60-xNix)Zr30Ti10 13 2 1 [105] 
Fe-based Fe48-xCoxCr15Mo14Y2C15B6 7 <8 16 [16] 
Fe72-xCoxB19.2Si4.8Nb4 36 2 6 [106] 
La-based (La65-xCex)Al10Co25 19.5 2 25 [107] 
Zr-based Zr48Cu45Al7 - 8 - [55] 
Zr45Cu49Al6 - 5 - [55] 
Zr54Cu38Al8 - 5 - [55] 
Zr56Cu36Al8 - 5 - [55] 
Zr53Cu18.7Al16.3Nix 12 - 6 [66] 
Zr51.9Cu23.3Al14.3Nix 10.5 - 10 [66] 
Zr50.7Cu28Al12.3Nix 9 - 14 [66] 
Zr65Cu17.5Al7.5Nix 10 - 16 [15] 
 
are well known for binary transition metal-Zr alloys contaminated by oxygen 
[108, 109]. As a result, at high oxygen contents, poorer GFA is observed since 
these phases have been purported to nucleate more easily in the presence of 
oxygen than the equilibrium compounds. However, our results show no sign 
of these NiZr2-type phases in the XRD analysis even with Ni addition of up to 
6.75 at.%.  In fact, our competing phases have remained the same and we have 
managed to retain a composite of the Al-containing τ3 phase with glass for Ni 
addition of up to 4.5 at.%. Further increase to 6.75 at.% Ni results in the 
precipitation of both ZrCu and τ3 phases. This could be attributed to the minor 




amount of Ni added or an insufficiently high content of oxygen within the 
system. So far, the reports on the presence of these NiZr2-types phases in Zr-














Also, it must be noted that our compositions lie in a phase triangle that does 
not involve any of the NiZr2-type phases but rather they contain only the 
ternary Al-containing τ3, τ5 and binary ZrCu phases which perhaps suggest 
that we manage to bypass these ‘big cube’ phases. It is also interesting to note  
that the τ3 phase remains pervasive in the optical morphologies even with Ni 
addition indicating that Ni does not assist in destabilizing the τ3 phase. There 
Figure 4.9 Cu-Ni phase diagram  after Ref. [103]. 




is no apparent observation of oxides as a result of Ni addition. As shown in 
the Ni-O phase diagram [110] (see Figure 4.10), very minor amount of O 
















4.3.2 ECP model for the Zr-Al-(Cu,Ni) alloy 
Using the efficient cluster packing (ECP) model proposed by Miracle [93] 
which provides an insight into the atomic packing efficiency for bulk metallic 
Figure 4.10 Ni-O phase diagram after Ref. [110]. 




glasses, we tried to interpret the improved GFA in the light of this ECP Model. 
The ECP model is constructed in such a way that it has four distinct atomic 
constituents which consists of solvent atoms Ω and up to three solute atoms 
α, β and γ in decreasing atomic radii. The ECP structure is then formed with 
these solute-centred clusters which fill up space similar to the close packed 
face-centred cubic (fcc) or hexagonal close-paced (hcp) structures. 
 
The atomic sizes of Ni and Cu are 1.24 Å and 1.28 Å respectively. 
Topologically speaking, this similarity in atomic sizes should not have too 
great a contribution on the atomic packing efficiency. The Zr-Al-(Cu,Ni) alloys 
are treated as a pseudo-ternary Ω−α−β alloy system where the solvent atom, 
Zr is represented by Ω and the Al and (Cu, Ni) solute atoms are represented 
by α and β respectively. According to Miracle’s nomenclature, the ECP 
structure for the Zr-Al-(Cu,Ni) alloy can be represented as <12, 10>fcc. However, 
the most negative values for the negative heat of mixing are found between 
the Zr-Ni and Zr-Al pairs which have values of -49 and -44 kJ/mol respectively 
and thus these pairs will form more stable short-range order clusters more 
easily. A modified ECP model according to Wang et al. [111] in which both 
reduced atomic radii and chemical interactions are taken into account are re-
evaluated for the construction of the ECP model for this alloy system. It is 
duly noted that we have a very low Ni content. For this ECP structure, the Zr-
Al would be taken as the α–clusters while the Zr-Ni are the β-clusters for the 




alloy system studied. Cu being the smallest reduced radii according to Miracle 
[93] would be inserted into the cluster-tetrahedral vacancies to form βγ  site 
defects in this structure. A schematic of the ECP packing for the Zr-Al-(Cu,Ni) 
alloy  is shown in Figure 4.11. 
 
According to this ECP model, we would obtain a composition of 
Zr60Al10Ni10Cu20 which is relatively different to our best glass former 
composition of Zr47Al8Cu40.5Ni4.5. It is noted that the concentration of Zr, Al and 
Ni atoms are higher in comparison to our composition. As such, more anti-site 
defects would have to be considered in order to align both compositions. This 
is possible by increasing the amount of Cu into the structure such that we have 
Cu atoms substituting Zr atoms to form βΩ anti-site defects or/and Cu atoms 
substituting Al atoms to form βα anti-site defects. Also, considering the fact 
that we only have a minor addition of Ni, the Cu atoms can be considered to 
be interchangeable with the Ni atoms at the β cluster-octahedral sites. By 
doing so, we are able to adjust the composition to either Zr50Al10Cu35Ni5 or 
Zr50Al5Cu40Ni5 which are slightly closer to our best glass former composition 
with a maximum discrepancy of 5.5 at.% Cu and 3 at.% Zr respectively. Some 

















The predictive ability of the ECP Model is not very accurate given the wide 
range of compositions that could be derived considering the various 
permutations of vacancies and anti-site defects that are possible within the 
alloy system. Following the simple assumption of a fully filled α, β and γ site 
does not appear to indicate the optimum composition for best glass forming 
ability. It is also noted, that the ECP model fails to take into consideration the 
role of minor addition in the case of intermediate size element given that they 
have similar atomic sizes. Atoms that are similar in atomic sizes are taken to 
be topologically equivalent by Miracle [93] despite being chemically distinct  
from a structurally viewpoint and are expected to occupy the same sites 







Figure 4.11 A schematic of the fcc cluster packing in the ECP model for Zr-
Al-(Cu,Ni) in the (a) {100} plane and (b) in {110} plane.  
 












Structure Site occupancy Predicted 
composition 
Zr-Al-
(Cu, Ni) <12-10>fcc 
γ fully filled with Cu 





Antisite Defect on Ω 




(βΩ = 1/3, βγ = 2) Zr40Al10(Cu,Ni)50 Zr40Al10Cu40Ni10  
  






(βΩ = 1/6, βα = 0.5, βγ = 2) Zr50Al5(Cu,Ni)45 Zr50Al5Cu40Ni5  
 
Our results however show that GFA is extremely sensitive to small changes in 
composition. With as little as 2.25 at.% difference in Ni addition we observe a 
decrease in amorphicity as shown in Figures 4.2 (b) and 4.2 (c) in which a 
change from 4.5 at.% to 6.75 at.% Ni results in a decrease in GFA as shown by 
the decrease in ΔHx from 40 to 19 J/g. Therefore, such variations in ratio 
between Cu and Ni do affect GFA. These small shifts in composition that 
directly affect GFA cannot be accounted for in Miracle’s ECP model. Even if 
the modified ECP model by Wang et al. [111] is employed, which takes into 
account the negative heat of mixing of the elements alongside with the atomic 
size differences, these small shifts in compositions which are directly 
correlated with GFA are not easily obvious. Therefore, the ECP model is at 
best indicative though it is a useful tool to provide us a broad overview as to 
the atomic packing nature of the BMGs.  





The minor addition of intermediate sized Ni atoms has shown to have only a 
marginal improvement on GFA for the high O-content Zr-Cu-Al alloys. The 
critical size of the high O-content Zr-Cu-Al alloy upon Ni addition remains the 
same at 5 mm. Competing phases upon Ni addition remains unchanged. It is 
imperative to note that up to 6.75 at.% of Ni, there is no evidence of the 
precipitation of metastable NiZr2-type phases which have been known to form 
in high O-content Zr-based alloy resulting in loss of GFA. The effect of Ni on 
improving thermal stability is not significant. The BGF composition 
Zr47Al8(Cu0.9Ni0.1)45 is a 5 mm composite of τ3 + amorphous which possesses 
higher amorphicity in comparison to the high O-content BGF Zr47Cu45Al8 
without Ni addition.  
 









Chapter 5  
 
 
Effect of Y Minor Addition on GFA 





5.1.1 Existing mechanisms and their deficiencies 
Minor addition of large atomic sized elements such as Y has been widely 
known to be successful in enhancing glass formation in a number of alloy 




systems such as Zr-, Fe-, Cu- and Ti-based with a majority being reported in 
both Zr- and Fe-based alloy systems. For the Zr-based alloy system, Zhang et 
al. [73]  reported an increase in critical size from less than 5 mm without Y 
addition to 5 mm for (Zr55Cu20Al15Ni10)100-xYx alloys with 2 - 4 at.% Y. Luo et al. 
[112] reported for (Zr55Cu30Al10Ni5)100-xYx, alloys an increase in critical size  
from 10 mm without Y addition to 12 mm with 0.5 – 3 at.% Y. For the Fe-based 
alloy system, Lu et al. [113] reported an increase in critical size for 
Fe61Zr8Co7Mo7B15Yx, Fe63-xZr8Co6Al1Mo7B15Yx, Fe61Zr8Co5Cr2Mo7B15Yx and 
Fe61Zr8Co6Al1Mo7B15Yx alloys from less than 3 mm without Y addition to 5 mm 
with Y addition at 2 at.%. It is also noted that there appears to be an optimum 
percentage in the effect of Y on glass forming ability in these alloys and it 
appears to be alloy system dependent. In the case of the Zr-based alloy system, 
an optimum percentage of 2 – 4 at.% Y addition is required for enhancing GFA 
[73, 112, 114, 115]. In the Fe-based alloy system, 2 at.% Y appears to be the 
optimum addition required [27, 113, 116]. In the Cu-based system, 2 and 5 at.% 
Y were reported to be the optimum percentage [25, 117] and in the Ti-based 
alloy system, 0.5 at.% Y was the optimum percentage [118]. No other systems 
in which Y has enhanced GFA have been reported. Table 5.1 summarizes the 



















Zr-based (Zr55Cu20Al15Ni10)100-xYx 2 - 4% < 5 5 [73] 
(Zr65Cu17.5Al7.5Ni10Cu17.5)100-xYx - < 5 < 5 [73] 
(Zr48Cu48Al4)100-xYx 2% <3 3 [114] 
(Zr55Cu30Al10Ni5)100-xYx 0.5-3% 10 12 [112] 
(Zr46.3Cu43.3Al8.9Si1.5)100-xYx 2.5 6 8 [115] 
Zr44.4Cu42Al10Yx 3.6 - 16 [119] 
Cu-based (Cu60Zr30Ti10)100-xYx 2% 4 5 [117] 
Cu46Zr47-xAl7Yx 5% 3 10 [25]
Fe-based Fe50-xCr15Mo14C15B6Yx 2% 1.5 9 [27]
(Fe44.3Cr5Mo12.8C15.8B5.9Mn11.2Co5)100-xYx 1.5% < 7 12 [120]
Fe53-xCr4Mo12C15B6Mn10Yx 2 3 6.5 [116]
Fe63-xZr8Co6Al1Mo7B15Yx 2 <3 5 [113]
Fe61Zr8Co7Mo7B15Yx 2 <3 5 [113]
Fe61Zr8Co5Cr2Mo7B15Yx 2 <3 5 [113]
Ti-based (Ti40Zr25Be20Cu12Ni3)100-xYx 0.5 <6 6 [118]
 
The exact mechanism for the effect of Y in enhancing GFA however has not 
yet been precisely ascertained and a number of mechanisms based on 
experimental observations have been proposed. One of the generally accepted 
and most common mechanisms has been attributed to its ability to scavenge 
oxygen impurity. The formation of these innocuous yttrium oxides has been 
attributed to its relatively high formation enthalpy (ΔH = 1903.6 kJ/mol)  [121].  
Zhang et al. [73] have proposed that the formation of yttrium oxide in 
Zr65Cu17.5Al7.5Ni10  has substituted the formation of zirconium oxide which 
assisted the formation of ZrNi2 phase. As a result, glass formation has been 
improved due to the suppression of the formation of ZrNi2 which is 
detrimental to the GFA. However, no evidence for the existence of yttrium 




oxide has been reported in the Zr-based alloys. This indicates that this 
mechanism is at best speculative and requires further study. Only Liu et al. 
[113] have identified the existence of yttrium oxide in the 
Fe61Y2Zr8Co6Al1Mo7B15 alloy using only the electron microprobe. No XRD or 
TEM was used in the identification process.  
 
The addition of Y has also been shown to adjust alloy compositions closer to 
the eutectic and thus lower their liquidus temperature. As such, a greater 
stability in the liquid phase is achieved which corresponds with enhanced 
GFA. This effect of Y on thermal stability has mainly been successfully 
observed in the Fe-based in which upon optimal Y addition, the greatest 
decrease in the liquidus temperature, Tl corresponds with enhanced glass 
forming ability. Lu et al. [122] reported that the addition of 2 at.% of Y, lowers 
the liquidus by about 25 K for Fe61Zr8Co6Al1Mo7B15Yx.. An increase in Y to 4 at.% 
increases Tl with respect to the base alloy by about 2 K and a further increase 
in Y to 6 at.% increases the Tl by about 26 K. Ponnambalam et al. [27] have also 
reported that with an addition of 2 at.% Y, the liquidus temperature decreases 
within a range of 5 – 30 K for the Fe48Cr15Mo14Y2C15B6 alloy. However, no 
thermal data was available for the composition with > 2 at.% Y for comparison.   
 
In the Zr-based alloy system, the effect of Y on the stability of the liquid phase 
and thus enhancing glass formation is not too consistent. Zhang et al. [73] 




reported a minimum for the melting temperature, Tm (a decrease of about 70 K) 
for (Zr55Cu20Al15Ni10)100-xYx at optimum Y addition of 4 at.%, which coincides 
with enhanced glass forming ability.  Only Zhang et al. [115] have reported a 
decrease in the liquidus temperature upon Y addition. However, the 
maximum decrease in Tl does not correspond to enhanced glass formation. 
The optimum Y addition of 2.5 at.% for (Zr46.3Cu43.3Al8.9Si1.5)100-xYx which 
corresponds with enhanced glass formation is reported to have a liquidus 
depression of about 30 K. However, with increased Y addition to 5 at.%, a 
greater liquidus depression of about 50 K is observed which corresponds to a 
poor glass former. On the other hand, according to Zhang et al. [114] for their 
(Zr48Cu48Al4)100-xYx alloy system, both Tm and Tl are reported to be unchanged 
with various yttrium contents and yet enhanced glass formation was observed 
for Y addition of 2 at.%.  
 
The appropriate atomic-size mismatch and significantly large heat of mixing 
between the Y and the constituent elements have also been attributed to assist 
in enhancing GFA [113].  The addition of Y (ra = 1.80 Å) would consequently 
result in significant atomic size mismatches with other elements such as Zr (ra 
= 1.60 Å), Cu (ra = 1.28 Å), Al (ra = 1.43 Å), Fe (ra = 1.28 Å) and Ni (ra = 1.25 Å) 
which would generate new atomic pairs with significantly large negative heat 
of mixing such as Cu-Y (-22 kJ/mol), Al-Y (-38 kJ/mol) and Ni-Y (-31 kJ/mol). 
As a result, there would be an increase in both topological and chemical short-




range ordering which would increase packing density of the undercooled 
liquid with low atomic diffusivity [113]. However, the negative heat of mixing 
for Fe-Y is only -1 kJ/mol and as for Zr-Y, it has a positive heat of mixing of +4 
kJ/mol [123]. Given that both Zr and Fe are the main constituents in Zr-based 
and Fe-based alloy systems respectively, the effect of Y in the formation of 
atomic pairs with significantly large negative heat of mixing plays a minor role 
in improving glass formation given that GFA is enhanced in spite of the high 
heat of mixing values for Fe-Y and Zr-Y.  
 
In this chapter, we will investigate the effect of Y on the GFA of both high and 
low O-content Zr-Cu-Al alloys so as to determine if the Y effect is accurately 
attributed to its scavenging ability. A schematic diagram has been constructed 
(see Figure 5.1) for the evaluation of the effect of Y on Zr-Cu-Al alloys. Figure 
5.1 shows two different ternary alloy planes identified by the vertical axis of 
two different oxygen contents. In this case, the blue plane is identified to be 
the plane of high O-content using sponge Zr while the pink plane is identified 
to be the plane of low O-content using crystal bar Zr. The blue and red stars 
correspond to the BGF composition for the high O-content and low O-content 
respectively. Yttrium will be added to both BGF compositions (Zr47Cu45Al8)100-
xYx and (Zr49Cu46Al5)100-xYx in the high O-content and low O-content planes 
respectively where x = 1, 2 and 4 at.%. The effect of scavenging has been 
presupposed in this diagram in which the addition of Y is presumed to lower 




the oxygen content from the blue plane to the pink plane. I.e. high O-content 
Zr47Cu45Al8 on the blue plane would shift to the low O-content Zr47Cu45Al8 on 













Figure 5.1 Schematic diagram for the proposed effect of Y on Zr-Cu-Al alloys. 
 
5.2 Results  
5.2.1 Yttrium addition on high O-content best glass former 
Zr47Cu45Al8 (Alloy I6) 
The best glass former composition Zr47Cu45Al8, of the 5 mm sponge Zr, Alloy I6 
was used as the starting composition. Varied amounts of Y were added in the 
Low Oxygen Content 
i.e. Crystal bar Zr 
High Oxygen Content 
i.e. Sponge Zr 
Removing Oxygen  
by Y addition 
Oxygen
Oxygen 
Increasing Oxygen  
by using Sponge Zr 
Crystal Bar: Zr47Cu45Al8
Crystal Bar: Zr49Cu46Al5 
Sponge: Zr49Cu46Al5 
Sponge: Zr47Cu45Al8 
Best Glass Former (Low O-Content) 
Best Glass Former (High O -ontent) 
Low O-Content Composition 
High O-Content Composition 




ratio (Zr47Cu45Al8)100-xYx, where x = 1, 2 and 4 respectively. Rods of 5 mm were 
cast by drop casting method and examined by OM, SEM, XRD and DSC to 
study the effect of Y on the glass forming ability.  
 
Figure 5.2 shows the optical morphologies of the centres of 5 mm rods using 
sponge Zr (i.e. high O-content).  As Y content increases from x = 0 to x = 1, the 
τ3 phase at the centre of the rods is no longer observed, yielding a relatively 
clean micrograph at 1 at.% Y. As Y content is further increased to x = 2, we 
observe a significant presence of the ZrCu phase which forms the crystalline 
matrix together with the growth of an unknown phase, which we will label as 
‘x’. This phase is the spherical dots as shown in Figures 5.2 (c) and 5.2 (d). As 
Y content is further increased to 4 at.%, not only the amount but also the sizes 
of the phase x are increased in the ZrCu crystalline matrix (Figure 5.2 (d)).   
 
Correspondingly, the SEM micrographs of the longitudinal cross-sections of 
the as-cast alloys in Figure 5.3 complement what is observed in the optical 
micrographs. Figure 5.3 (aii) shows the presence of the dendritic τ3 phase 
without Y addition. The addition of 1 at.% Y is observed to suppress the 
growth of the τ3 phase which is formerly found in small amounts in Alloy I6 
(without Y addition). The SEM micrograph in Figure 5.3 (b) is relatively clean 
at high magnification indicating that this amount of Y addition has improved 




the GFA of the alloy by suppressing the obstinate τ3 phase previously found in 
the Zr-Cu-Al compositions without Y addition. The addition of Y to 2 at.% 
results in a ring-type (amorphous edges and crystalline core) sample with 
ZrCu crystalline matrix and phase x as evident in Figure 5.3 (ci). The latter 
phase is the spherical dots in Figure 5.3 (cii) which are non-uniform in size. 
Further increase in Y to 4 at.% reveals an increase in both amounts and size, 





The XRD patterns and corresponding DSC curves for the 5 mm (Zr47Cu45Al8)100-
xYx rods for x = 0, 1, 2 and 4 are shown in Figure 5.4 respectively. The addition 
τ3  
(a) (b)
Figure 5.2 Optical photos of the centres of the longitudinal cross sections for 5
mm (Zr47Cu45Al8)100-xYx rods with (a) 0 at.% Y, (b) 1 at.%. Y, (c) 2 at.% Y, and (d)
4 at.% Y respectively. 
(d)
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Figure 5.3 Low and high magnification SEM photos of the longitudinal cross
sections for the 5 mm (Zr47Cu45Al8)100-xYx rods for (a) 0 at.% Y, (b) 1 at.%. Y, (c)
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of 1 at.% Y reveals a distinctive fully amorphous hump in the XRD spectrum 
in contrast to the composite of τ3 phase and amorphous for the composition 
Zr47Cu45Al8 without Y addition. For x = 2 and 4, there is the immediate absence 
of the amorphous hump and significant crystalline peaks. The corresponding 
DSC curves show a significant heat of crystallization which peaks at x = 1 at 61 
J/g. The amount of heat of crystallization immediately drops to 11 J/g upon for 
both Y addition of 2 and 4 at.% respectively. These results are consistent with 









The melting curves and a summary of the microstructures and thermal 
properties of the alloys are shown in Figure 5.5 and Table 5.2 respectively. In 
Figure 5.5, the Tm and Tl  are marked by arrows which correspond to the 
solidus and the liquidus temperatures respectively. Alloys with no Y addition 
and 1 at.% Y addition exhibit a single endothermic peak indicating that these 
alloys are near the eutectic composition. Alloys with 2 and 4 at.% Y show a 
400 500 600 700 800




















Figure 5.4 XRD spectrums and DSC curves for the 5 mm (Zr47Cu45Al8)100-xYx
rods where x = 0, 1, 2 and 4 respectively. 



























melting behaviour of more than one event indicating they are off-eutectic 
compositions. The addition of Y results in a general decrease in the melting 
temperature as shown in the melting curves. At 1 at.% Y, Tm decrease from 
1134 K (without Y addition) to 1121 K before increasing upon further Y 
addition. The liquidus temperature Tl is observed to decrease from 1187 K to 
1175 K upon addition of 1 at.% Y. Upon further addition of Y, Tl increases 
from 1179 K at x = 2 to 1186 K at x = 4. The lowest melting point and liquidus 




The minor addition of Y at 1 at.% has been observed to be the optimum 
addition required to improve the GFA of the BGF for the high oxygen content 
Zr-Cu-Al alloys; we have a fully amorphous 5 mm rod at composition 
(Zr47Cu45Al8)99Y1 as shown in Figures 5.2 (b) and 5.3 (b). Their corresponding 
XRD and DSC curves as shown in Figure 5.4 further confirm this. This 

















I6/Y0 Zr47Al8Cu45 τ3  + Amorphous 60 705 770 65 1134 1187
Y1 (Zr47Cu45Al8)99Y1 Fully amorphous 61 696 769 73 1121 1175
Y2 (Zr47Cu45Al8)98Y2 
Amorphous + ZrCu + 
unknown phase x
11 696 768 72 1122 1179
Y4 (Zr47Cu45Al8)96Y4 
Amorphous + ZrCu + 
unknown phase x 11 695 762 67 1124 1186
Table 5.2 A summary of the microstructures and thermal properties for 5 
mm high O-content (Zr47Cu45Al8)100-xYx rods where x = 0, 1, 2 and 4 
respectively. 




Figure 5.5 Melting curves for alloy compositions (Zr47Cu45Al8)100-xYx rods 
where x = 0, 1, 2 and 4 respectively.  































containing alloy Zr47Cu45Al8. Further increase in Y content beyond the 
optimum amount results in a decrease in GFA due to the precipitation of ZrCu 
and an unknown phase x. 
 
5.2.2 Yttrium addition on low O-content best glass former 
Zr49Cu46Al5 (Alloy K10) 
The best glass former composition for the low oxygen content - Zr49Cu46Al5, 
using crystal bar Zr will be used as the starting composition. Similarly, 
different amounts of Y were added to the base composition, (Zr49Cu46Al5)100-xYx, 
where x = 1, 2 and 4 respectively. Rods of 5 mm were cast by drop casting 
method and examined by OM, SEM, XRD and DSC. 




Figure 5.6 Optical photos of the centres of the longitudinal cross sections for 5 
mm (Zr49Cu46Al5)100-xYx rods with (a) 0 at.% Y, (b) 1 at.% Y, (c) 2 at.% Y, and (d) 

















Figures 5.6 and 5.7 show the optical morphologies and the SEM morphologies 
for low O-content 5 mm rods using crystal bar Zr for alloy compositions 
(Zr49Cu46Al5)100-xYx, where x = 0,  1, 2 and 4 respectively.  As Y is increased from 
0 to 1 at.%, amorphicity decreases sharply and a ring-type morphology is 
obtained with a crystalline core of large amounts of the spherical ZrCu phase 
and small spherical phase x. As the Y content is increased further to 2 at.%, the 
amounts of the small spherical phase x increases. The rods are observed to be 
fully crystalline – phase x in a ZrCu matrix, as Y is increased to 4 at.%.  




The XRD patterns and corresponding DSC curves in Figure 5.8 show that as Y 
content increases, amorphicity decreases for low oxygen content 5 mm rods of 
(Zr49Cu46Al5)100-xYx, where x = 0, 1, 2 and 4 respectively. With increasing Y 
content, the heat of crystallization decreases significantly from 70 J/g for 0 at.% 
Y to 9 J/g for 4 at.% Y.  The presence of the ZrCu and an unknown phase x 
shown in the morphological studies above are identified by the crystalline 
peaks in the XRD spectrums.  
 
In this case, the melting behaviour for all curves show more than one melting 
event which indicates off-eutectic compositions. The solidus and the liquidus 
temperatures are indicated by Tm and Tl respectively. It is observed that the 
addition of Y results in a small decrease in the melting temperature, Tm from 
1135 K for Y at 0 at.% to 1131 K for Y at 1 at.% as shown in the Table 5.3. 
Further addition of Y does not affect Tm significantly. The liquidus 
temperature Tl is observed to increase with increasing Y content. For Y content 
at 0 at.%, a liquidus temperature Tl of 1197 K is observed. As Y content 
increases to 4 at.%, Tl is observed to increase to 1210 K. The melting curves for 
the alloy compositions are shown in Figure 5.9.  
 
Our results show that if we start with the best glass former in the high purity 
alloys, minor addition of Y is actually detrimental to the glass forming ability.   
 





































Unknown phase x 
Crystalline centre
Amorphous edge 
Figure 5.7 Low and high magnification SEM photos of the longitudinal cross 
sections for the 5 mm (Zr49Cu46Al5)100-xYx for (a) 0 at.% Y, (b) 1 at.%. Y, (c) 2 
at.% Y, and (d) 4 at.% Y respectively . 




Figure 5.9 Melting curves for alloy compositions (Zr49Cu46Al5)100-xYx rods using 
crystal bar Zr where x = 0, 1, 2 and 4 respectively. 





















Figure 5.8 XRD spectrums and DSC curves for the 5 mm (Zr49Cu46Al5)100-xYx 
rods where x = 0, 1, 2 and 4 respectively.  
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The presence of the large ZrCu phase and unknown phase x are the main 
culprits that deteriorate glass forming ability even at a minor Y addition of 1 
at.%.  







5.2.3 Yttrium addition on high O-content Zr49Cu46Al5 (Alloy I10)  
For comparison, high oxygen content alloys have been cast based on the best 
glass former composition for the low oxygen content - Zr49Cu46Al5. Similarly, 
the effect of Y is observed as different amounts of Y were added in the ratio 
(Zr49Cu46Al5)100-xYx, where x = 1, 2 and 4 respectively. 
 
Figures 5.10 and 5.11 depict both the optical and SEM results for the effect of Y 
on the microstructure of the alloys. The alloy without Y addition is a glassy 
composite of τ3 phases and large ZrCu phases as shown in Figure 5.10 (a).  The 
addition of Y immediately results in the disappearance of the τ3 phases and a 

















K10/A0  Zr49Cu46Al5  Fully amorphous 70 689 751 62 1135 1197
A1  (Zr49Cu46Al5)99Y1  
Amorphous + ZrCu + 
Unknown phase x
22 685 749 74 1131 1205
A2  (Zr49Cu46Al5)98Y2 
 Amorphous + ZrCu +  
Unknown phase x
18 681 742 61 1132 1206
A4  (Zr49Cu46Al5)96Y4 
 Amorphous + ZrCu + 
Unknown phase x
9 674 723 49 1132 1210
Table 5.3  A summary of the microstructures and thermal properties for 5 
mm low O-content, (Zr49Cu46Al5)100-xYx rods where x = 0, 1, 2 and 4 
respectively. 




Figure 5.10 Optical photos of the centres of the longitudinal cross sections 
for high O-content 5 mm (Zr49Cu46Al5)100-xYx rods with (a) 0 at.% Y, (b) 1 at.%. 










ZrCu lumps as the crystalline matrix and small uniformly distributed 
spherical unknown phase x at its crystalline core are observed as shown in 
Figures 5.11 (b) - (d). 
 
The corresponding XRD spectrums and DSC curves also complement the 
above results as shown in Figure 5.12. The addition of 1 at.% Y results in the 
disappearance of the crystalline peaks of the τ3 phase. Instead, the XRD 
spectrums show the appearance of an unknown phase x crystalline peaks 
dddd 






Figure 5.11 Low and high magnification SEM photos of the longitudinal 
cross sections for the high O-content  5 mm (Zr49Cu46Al5)100-xYx rods for (a) 0 








Unknown phase x 
 




alongside stronger intensities for the ZrCu crystalline peaks. The 
corresponding DSC curves depict a decrease in the amorphicity of the alloys 
as Y is added. The significant heat of crystallization of 56 J/g which 
corresponds with the composite microstructure of τ3 and ZrCu gives way to a 








The melting curves shown in Figure 5.13 depict the melting behaviour for the 
high O, alloy compositions with increasing Y content. Only the base alloy (i.e. 
without Y addition) exhibits a single endothermic peak indicating a near  
eutectic composition. Alloys with Y addition show a melting behaviour of 
more than a single event indicating off-eutectic compositions. It is generally 
observed that the addition of Y results in a decrease in the melting 
Figure 5.12 XRD spectrums and DSC curves for the 5 mm (Zr49Cu46Al5)100-xYx 
rods where x = 0, 1, 2 and 4 respectively.  
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Figure 5.13 Melting curves for alloy compositions (Zr49Cu46Al5)100-xYx rods 
using sponge Zr where x = 0, 1, 2 and 4 respectively.  
 




















temperature, Tm. Tm decreases from 1136 K without Y addition to 1130 K for 
lllll 
the alloy with 1 at.% Y. Further increase in Y concentration yields no 
significant change in Tm. At 4 at.% Y, Tm increases to a maximum of 1132 K. 
This observation is congruent with the low O-content (Zr49Cu46Al5)100-xYx alloys. 
The liquidus temperature Tl on the other hand increases when Y is added at 1 
at.% from 1193 K without Y addition to 1216 K as shown in Table 5.4. Upon 
further increase in Y content, Tl decreases to 1207 K at 2 at.% Y and finally to 












Similar to their low oxygen counterpart, the effect of Y decreases the GFA for 
the high oxygen content Zr49Cu46Al5 alloys. The presence of the growth of large 




ZrCu and unknown phase x have been identified to be detrimental to the GFA 
of high oxygen content (Zr49Cu46Al5)100-xYx alloys given their immediate 




5.2.4 Yttrium addition on low O-content Zr47Cu45Al8  
For comparison, low oxygen content alloys were cast based on the best glass 
former composition for high oxygen content - Zr47Cu45Al8 and the effect of Y is 
observed with Y addition in the ratio (Zr47Cu45Al8)100-xYx, where x = 1, 2 and 4 
respectively. Figures 5.14 and 5.15 show the optical and SEM microstructure 
evolution for these alloys upon minor Y addition respectively. The low O-
content alloy without Y addition, Zr47Cu45Al8 is a composite of τ3 phases and 
amorphous (see Figures 5.14 (a) and 5.16 (a)). The addition of Y immediately 
results in the disappearance in the τ3 phases and the appearance of the large 

















I10/Z0  Zr49Cu46Al5  
Composite  
( τ3 + ZrCu) 56 689 754 65 1136 1193
Z1  (Zr47Cu45Al8)99Y1  
Amorphous + ZrCu +  
Unknown phase x  12 693 751 58 1130 1216
Z2  (Zr47Cu45Al8)98Y2 
Amorphous + ZrCu +  
Unknown phase x 8 688 748 60 1130 1207
Z4  (Zr47Cu45Al8)96Y4 
Amorphous + ZrCu +  
Unknown phase x ) 5 674 735 61 1132 1203
Table 5.4 A summary of the microstructures and thermal properties for 5 mm 
high O-content, (Zr49Cu46Al5)100-xYx rods where x = 0, 1, 2 and 4 respectively. 




crystalline composite of ZrCu and phase x at 1 and 2 at.% Y as shown in 
Figures 5.15 (b) and 5.15 (c). The presence of the ZrCu phase decreases upon 
further increase of Y to 4 at.%, as shown in Figure 5.15 (d), in which a glassy 














The XRD patterns and corresponding DSC curves for the low O-content 5 mm 
(Zr47Cu45Al8)100-xYx rods for x = 0, 1, 2 and 4 are shown in Figure 5.16 
respectively. The base alloy, Zr47Cu45Al8 with no Y addition shows a distinctive 
amorphous hump with small crystallite τ3 peaks indicating a glassy composite.  
Figure 5.14 Optical photos of the centres of the longitudinal cross sections for 
low O content 5 mm (Zr47Cu45Al8)100-xYx rods with (a) 0 at.% Y, (b) 1 at.%. Y, (c) 
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Figure 5.15 SEM photos of the longitudinal cross sections for the low O-
content,  5 mm (Zr47Cu45Al8)100-xYx rods for (a) 0 at.% Y, (b) 1 at.%. Y, (c) 2 at.% 
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This corresponds to the heat of crystallization obtained from the DSC curves 
which shows a distinct glass transition and a large heat of crystallization of 60 
J/g for the base alloy Zr47Cu45Al8. The XRD curve for Y addition at 1 at.% 
shows large amount of crystalline peaks for ZrCu phase and the unknown 
phase x. Further increase of Y to 2 at.% reveals only ZrCu and the unknown 
phase x.  This corresponds well to the lack or very small heat of crystallization 
in the DSC curves.  Increasing Y content to 4 at.%, the XRD curves show phase  
x and ZrCu crystallite peaks upon an amorphous hump indicating a glassy 
composite microstructure. This is corroborated by the DSC curve which shows 









The melting curves shown in Figure 5.17 depict the melting behaviour for low 
O-content, alloy compositions with increasing Y content. Yttrium addition is 
observed to shift the compositions to off-eutectic ones indicated by the more 
than one melting event observed. The alloy without Y addition is observed to 
Figure 5.16 XRD spectrums and DSC curves for the 5 mm (Zr47Cu45Al8)100-xYx 
rods where x = 0, 1, 2 and 4 respectively 
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B0 Zr47Cu45Al8  τ3  + amorphous 60 699 770 71 1136 1184
B1 (Zr47Cu45Al8)99Y1  
ZrCu + Unknown 
phase x
0 710 774 64 1121 1175
B2 (Zr47Cu45Al8)98Y2 
Amorphous + ZrCu + 
Unknown phase x
8 695 762 67 1116 1170
B4 (Zr47Cu45Al8)96Y4 
 Amorphous + ZrCu + 
Unknown phase x














have a single endothermic peak which indicates near eutectic composition. It 
is generally observed that the addition of Y results in a decrease in the melting 
temperature, Tm. Tm for the alloy without Y, Zr47Cu45Al8 is observed to decrease 
Table 5.5 A summary of the microstructures and thermal properties for 5 
mm low O-content (Zr47Cu45Al8)100-xYx rods using sponge Zr where x = 0, 1, 2 
and 4 respectively. 
Figure 5.17 Melting curves for alloy compositions (Zr47Cu45Al8)100-xYx rods 
using crystal bar Zr where x = 0, 1, 2 and 4 respectively.  

























from 1136 K to 1121 K for the alloy with 1 at.% Y and finally to 1115 K, for the 
alloy with 4 at.% Y. The liquidus temperature Tl is observed to decrease with 
from 1184K to 1175 K when Y is added at 1 at.%.  Upon further increase in Y 
content, Tl decreases to 1170 K for 2 at.% Y and finally to 1168 K for 4 at.% Y 
respectively. Table 5.5 shows a summary of the microstructures and 
corresponding thermal properties for the various alloy compositions. Contrary 
to its high oxygen counterpart, there is no observation that Y improved GFA at 
the optimum 1 at.% Y addition. The effect of Y has been observed to decrease 
the GFA for low oxygen content Zr49Cu46Al5 alloys as it encourages the 
precipitation of large ZrCu and unknown phase x while suppressing the 
growth of τ3 phase.  
 
5.3 Discussion 
As shown from the brief review in the Section 5.1.1, the Y effect has been 
primarily attributed to the ability of Y to scavenge oxygen impurities. Our 
present results however, seem to contradict this conclusion. Our results 
(Figures 5.10 (a) and 5.2 (a) respectively) show that on the blue plane (see 
Figure 5.1), the GFA of Zr49Cu46Al5 (high O-content) is poorer than that of 
Zr47Cu45Al8 (high O-content). When Y is added and if it is an oxygen scavenger, 
these two alloy should move to the pink plane at Zr49Cu46Al5 (low O-content) 
and Zr47Cu45Al8 (low O-content) respectively. Since they are on the pink plane 




and based on our previous results that the best glass former in the low O-
content plane is Zr49Cu46Al5 which can be clearly seen here in our optical 
micrographs in Figures 5.6 (a) and 5.14 (a) respectively, the GFA of Zr49Cu46Al5 
should be better than Zr48Cu45Al8. Our results upon minor Y addition to alloy 
compositions Zr49Cu46Al5 and Zr47Cu45Al8 show clearly that this is not the case. 
In fact, the addition of Y to Zr47Cu45Al8 in the blue plane (high O-content) is 
successful in improving glass forming ability with optimum Y addition at 1 at.% 
as shown in Figures 5.2 (b) and 5.3 (bi) while adding Y to Zr49Cu46Al5 in the 
blue plane (high O-content) at 1 at.% results in a further deterioration in the 
GFA due to the precipitation of ZrCu and unknown phase x as shown in 
Figure 5.10 (b). This is not congruent with the concept of Y acting as an oxygen 
scavenger.  
 
In addition, our results show that Y addition does not improve glass forming 
ability for low O-content compositions, Zr49Cu46Al5 (Alloy A0) and Zr47Cu45Al8 
(Alloy B0). Glass forming ability deteriorates at 1 at.% Y as shown in Figures 
5.7 (bi) and 5.15 (bi) for Alloys A1 and B1 and this is further substantiated with 
their corresponding decrease in the heat of crystallization as shown in Figures 
5.8 and 5.16. The addition of Y is observed to result in the precipitation of 
ZrCu phases together with the unknown phase x as shown Figures 5.7 (bii) 
and 5.15 (bii) for Alloys A1 and B1 respectively. Further increase in Y addition 
to Alloy A0 only serves to decrease glass forming ability which can be 




observed in the trend of decreasing heat of crystallization as shown in Figure 
5.8. In the case of Alloy B0, the increase in heat of heat crystallization with Y 
addition at 4 at.% could probably be attributed to new competing phases 



















Figure 5.18 The thermal parameters of Tg, Tx, ΔTx, Tm, Tl and Trg for high O-















































































Addition of Y to the best glass former of the high O-content, Zr47Cu45Al8 is 
congruent with the maximum in the liquidus depression which has been 
correlated with enhanced glass forming ability. Our results show a maximum 
Tl decrease of 12 K at 1 at.% Y addition as shown in Figure 5.18 and Table 5.2 
respectively. Further increase in Y addition to 2 and 4 at.%, show smaller T l 


























































Figure 5.19 The thermal parameters of Tg, Tx, ΔTx, Tm, Tl and Trg for low O-
content (Zr49Cu46Al5)100-xYx for x = 0, 1, 2 and 4. 




In addition, the poor glass formation for the low and high O-content 
(Zr49Cu46Al5)100-xYx show an increase in the liquidus temperature (see Figures 
5.19 and 5.20 respectively) upon Y addition which corresponds with poorer 
glass forming ability as shown in Tables 5.3 and 5.4. Similarly, the liquidus 
depression (see Figure 5.21) is not consistent with enhanced glass forming 

















Figure 5.20 The thermal parameters of Tg, Tx, ΔTx, Tm, Tl and Trg for high O-
































































This reduction in Tl is not perfectly consistent with better glass forming ability 
as can be observed in the reduction of glass forming ability with Y addition of 
1 at.% which corresponds to a liquidus depression of 9 K. Further increase in Y 
addition which also reflects poorer glass forming ability than without, at 2 at.% 
shows a decrease in Tl of 14 K. However, the slight improvement in GFA for Y 
















Figure 5.21 The thermal parameters of Tg, Tx, ΔTx, Tm, Tl and Trg for low O-

































































In general, the GFA indicators ΔTx and Trg do not show a consistent correlation 
with GFA amongst the compositions studied. Although the maximum value of 
ΔTx coincide with the BGF composition (Zr47Cu45Al8)99Y1 as shown in Figure 
5.18, the decrease in GFA with increasing Y content to 2 at.% is not well 
correlated with the relatively high ΔTx value of 72 K. The sensitivity of GFA to 
Y addition is not accurately correlated to the ΔTx values. Similarly, Trg values 
also do not reflect the sensitivity of GFA to Y addition although there is a 
general decreasing trend with increasing Y content to 4 at.%. In the case for the 
low and high O-content (Zr49Cu46Al5)100-xYx as shown in Figures 5.19 and 5.20 
respectively, though the Trg value shows a consistent trend of decreasing with 
GFA as Y content increases, the ΔTx values show poor consistency with GFA. 
Poorer GFA for the low O-content (Zr49Cu46Al5)100-xYx at 1 at.% Y does not 
correlate with a lower ΔTx value and further decrease in GFA for high O-
content (Zr49Cu46Al5)100-xYx as shown from their ΔHx values (see Table 5.4) for Y 
contents of 2 and 4 at.% respectively,  also does not correlate with decreasing 
ΔTx values. Inconsistent correlations for Trg values are also observed for the 
low O-content (Zr47Cu45Al8)100-xYx shown in Figure 5.21 in which poorer GFA is 
not reflected as the Trg value is higher at 1 at.% Y than without Y addition (see 
Figure 5.16). The improvement in GFA at 4 at.% Y as shown in its 
microstructure (see Figure 5.14 (d)) also does not correlate with an increase in 
the Trg although an increase in ΔTx is observed as shown in Figure 5.21. 




Therefore, it appears that the addition of yttrium has a more profound and 
complex effect on the base alloy system than mere oxygen scavenging and 
liquid phase stability. The effect of scavenging, is not at all obvious given that 
there is no apparent formation of yttrium oxide phases upon Y addition for 
high O-content Zr47Cu45Al8 at 2 and 4 at.% as shown in the optical micrographs 
in Figures 5.2 (c), 5.2 (d), 5.3 (c) and 5.3 (d). Similarly for Samples A0, Z0 and 
B0, there are no observed formation of yttrium oxide even up to 4 at.% Y 
addition as shown in Figures 5.7 (d), 5.11 (d) and 5.15 (d). The powder 
diffraction pattern for Y2O3 is shown in Figure 5.22 along with the high oxygen 
content Alloy Y4 - (Zr47Cu45Al8)96Y4 and no obvious match can be found among 












Figure 5.22 XRD Diffraction patterns for cubic Y2O3 with high oxygen content 
Alloy Y4 - (Zr47Cu45Al8)96Y4.




5.3.1 The change in phase triangle 
We propose that the effect of the addition of Y is not in its oxygen scavenging 
abilities but rather in its ability to stabilize or destabilize competing phases.  Its 
effect on competing phases is far from minor, despite Y being a minor addition. 
Zhang et al. [124] have reported that the effect of Y is strongly dependent on Y 
in the Fe-B alloy system regardless of its small amount. The competing phases 
were observed to have changed upon Y addition and an optimum addition of 
Y at 4.8 at.% was shown to form glass within the Fe-Fe2B-Fe4B4Y phase triangle 
in the Fe-B-Y alloy system. Though this amount of Y was relatively small and 
can be considered a minor addition, its affect on the phase triangle was 
pronounced and thus Y has been suggested to be given similar weightage as 
the base elements Fe and B. Similarly, from our results, we observe that the 
addition of Y changes the competing phases. For the Y free alloys in Figures 
5.2 (a), 5.10 (a) and 5.14 (a), dendritic τ3 phase is observed in their 
microstructures. The addition of Y at 1 at.% results in the complete 
disappearance of the τ3 phase as shown in optical micrographs in Figures 5.2 
(b), 5.10 (b) and 5.14 (b) respectively. Instead, a new phase (unknown x) that is 
spherical in shape unlike the dendritic τ3 phase appears. This new phase 
becomes part of the metallographic landscape in this Zr-Cu-Al-Y alloy system 
as shown in all compositions with Y addition as shown in Figures 5.2 (d), 5.6 
(d), 5.10 (d) and 5.14 (d) except for its ability to enhance GFA at 1 at.% Y as 




shown in Figure 5.3 (b). This new phase can be clearly observed in the 
magnified SEM photos in Figures 5.3 (dii), 5.7 (dii), 5.11 (dii) and 5.15 (dii). On 
the one hand, τ3 phase disappears upon Y addition yet on the other hand, the 
stabilization of the large ZrCu phases is observed as Y is added. The 
crystallization of the ZrCu phases is prevalently observed upon minor Y 
addition as little as 1 at.% as shown in the XRD patterns in Figures 5.8, 5.12 
and 5.16. This suggests a change of dynamics in the selection of competing 
phases in which Y is observed to strongly affect the phase selection process.  
 
The Y effect however must be clearly differentiated from that of the effect of 
oxygen. We have shown that the presence of oxygen does not change the 
competing phases involved (Figure 3.28), but merely shifts the BGF to a 
different composition since oxygen appears to lend stability to the small 
dendritic τ3 phases. The phase triangle remains the same at τ3- τ5-ZrCu. 
Yttrium, however, has been observed to change the competing phases 
involved as shown in the disappearance of τ3 phase and at the same time, 
appear to assist in the stabilization of the large ZrCu phases. This perfect 
balance of both dynamics results in an improvement in glass forming ability 
observed only for the high oxygen content best glass former composition, 
Zr47Cu45Al8. At a Y addition of 1 at.%, (Zr47Cu45Al8)99Y1 has a critical diameter of 
5 mm. Above this amount of Y addition, GFA deteriorates significantly. It is 
also imperative to point out that the addition of Y for both the high and low 




oxygen content alloy composition Zr49Cu46Al5 shows no improvement in GFA. 
This lends further evidence to support that oxygen scavenging is not the 
mechanism for the effect of Y, of which by taking away oxygen would result in 
a substantial improvement in GFA. Our evidences indicating the obvious 
change in competing phases points to the possibility in the change of phase 
triangle as a result of Y addition.  
 
5.3.1.1 Identification of phase triangle 
The addition of Y has shown to introduce a change in the competing phases in 
the Zr-Cu-Al alloy system and attempts have been made to understand and 
identify the possible new phase triangle in order to ascertain the unknown 
phase or phases that have arose as a result of Y addition. In the process, we 
will look at both the literature for both binary and ternary alloys to try to 
deduce the probable phase triangle and hence the phase(s) that are appear as a 
result of the yttrium effect. Given that there are four main elements namely Zr, 
Cu, Al and Y, there are potentially three Y-containing binary alloy systems 
namely Zr-Y, Cu-Y and Al-Y and two Y-containing ternary alloy systems 








5.3.1.1.1 Phase diagrams for the Zr-Y, Al-Y and Cu-Al-Y alloy systems  
The Zr-Y phase diagram [125] as shown in Figure 5.23 is a simple eutectic 
system in which no stable compound exists. The mutual solubility Y in Zr is 
not extensive. It is reported that it has a solid solubility of 0.2 at.% for Y in (β-
Zr) at a temperature of 1161 K, whilst having a solubility of  1.2 at.% for (α−Zr) 
at 1128 K. A peritectoid reaction takes place at 1153 K where the 
transformation for (β-Zr) to (α−Zr) takes place at 0.6 at.% Y. Since phase 
separation occurs between Zr and Y, precipitates of Y should be present in the 












Figure 5.23 The equilibrium Zr-Y phase diagram after Ref. [125]. 




The Al-Y phase diagram shown in Figure 5.24 possesses five stoichiometric 
compounds namely Al3Y, Al2Y, AlY, Al2Y3 and AlY2 [126]. The mutual 
solubilities between Al and Y can be observed from the phase diagram to be 
negligible and according to literature, smaller than 0.1 wt.% [127].  However, 
considering the small amount of Al involved in the compositions, the 
probability of AlxYy compounds forming would be relatively small. We have 
shown the XRD patterns for αAl3Y, βAl3Y and Al2Y in Figure 5.25 for 
elimination purposes. Table 5.6 shows their corresponding 2θ and intensity 
values. 
 
Figure 5.24 The Equilibrium Al-Y phase diagram after Ref. [126].  
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Table 5.6 2θ and intensity values for binary αAl3Y, βAl3Y and Al2Y phases. 
Phases/ 
Reflection No. 
αAl3Y bAl3Y Al2Y 
2θ (°) Irel(a.u) 2θ (°) Irel(a.u) 2θ (°) Irel(a.u) 
1 38.4824 999 37.5087 999 37.9352 999 
2 32.9315 267 39.6944 913 32.1851 805 
3 39.2935 222 38.2042 477 61.2251 248 
4 58.8044 140 33.5996 432 57.3846 230 
5 73.0298 127 59.555 278 67.3357 164 
6 70.6933 119 72.9908 264 39.6911 107 
7 52.1762 119 48.51 193 76.605 77 
8 49.2013 106 44.7974 140 79.978 68 
9 44.0437 95 34.4124 138 50.5773 58 
10 65.0851 94 71.5011 128 70.8703 33 












Figure 5.25 XRD Diffraction patterns for binary αAl3Y, βAl3Y and Al2Y with low 
oxygen content Alloy A4 - (Zr49Cu46Al5)96Y4. 




The isothermal section for the Cu-Al-Y ternary phase diagram at 823 K is 
shown in Figure 5.26 [128]. In this ternary system, there are four ternary solid 
solutions. They are τ2 – Cu4.6-4.0Y Al7.4-8.0, τ5 – Cu12.0-10.5Y2Al5.0-6.5, τ20 – Cu1.0-1.1YAl1.0-
0.9 (ZrNiAl type) and τ15 – Cu2.7-2.0Y3Al8.3-9.0. There are also three additional 
ternary compounds which have fixed stoichiometry namely τ4 – Cu6.8Y Al4.2, τ3 
– Cu6.5Y Al4.5 and τ18 – Cu2Y3 Al7. The compositions that are studied are shown 
in a schematic of the ternary Cu-Al-Y phase diagram in Figure 5.26 and a 





Base Composition Zr47Cu45Al8 
Base Composition Zr49Cu46Al5
Figure 5.26 A schematic of the  Cu-Y-Al  ternary phase diagram with the alloy 
compositions studied indicated by the blue and red dots after Ref. [128]. 




Table 5.7 Crystallographic data for ternary compounds in the Cu-Y-Al system 
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The XRD patterns for Y content of approximately < 10 at.% Y (i.e. τ2, τ3, τ4 and τ5) 
are shown in Figure 5.27 with their corresponding 2θ and intensity values in 
Table 5.8. However, no perfect match can be found among the low at.% Y, Cu-
Al-Y compositions. Figure 5.28 and Table 5.9 show XRD patterns for for Y 
content up to approximately 33.33 at.% and their tabulated data for their 2θ 
and intensity values. Again, no clear matches can be found among these Cu-
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τ2 τ3 τ4 τ5 
2θ (°) Irel(a.u) 2θ (°) Irel(a.u) 2θ (°) Irel(a.u) 2θ (°) Irel(a.u) 
1 40.7568 999 38.9086 999 39.1756 999 41.8571 999 
2 41.4063 855 39.1671 774 38.6853 973 41.5039 706 
3 41.2447 707 34.2518 634 39.7472 861 46.9967 460 
4 45.9729 461 46.2307 601 46.1697 690 35.7393 387 
5 35.4727 303 42.0656 433 33.6667 596 42.9023 383 
6 46.5637 241 48.2561 420 42.1805 591 37.1155 321 
7 59.5005 238 70.8067 191 38.4443 549 43.0676 266 
8 75.0741 164 45.7781 174 47.6937 473 42.7225 195 
9 66.9295 113 44.7049 170 34.8315 450 61.2211 164 
10 32.4591 111 49.6978 171 46.0166 336 75.7158 135 
Figure 5.27 The powder diffraction patterns for τ2, τ3, τ4 and τ5 with low oxygen 
content Alloy A4 - (Zr49Cu46Al5)96Y4. 
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Since our alloy compositions are observed to be close to the high Cu content 
Cu-Y binary phases we also attempt to match them with the available XRD 
diffraction pattern data for Cu6-7Y, metastable Cu5Y and Cu4Y. Figure 5.29 and 
Table 5.10 show the XRD patterns for the high Cu content Cu-Y binary phases 
and their corresponding data for their 2θ and intensity values respectively. 
However, there are no clear matches found amongst them.  
 
Figure 5.28 The powder diffraction patterns for CuAlY, Cu6Al6Y and
Cu0.2Al1.8Y with low oxygen content Alloy A4 - (Zr49Cu46Al5)96Y4.  
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CuAlY Cu6Al6Y Cu0.2Al1.8Y 
2θ (°) Irel(a.u) 2θ (°) Irel(a.u) 2θ (°) Irel(a.u) 
1 36.9849 100 41.463 100 37.9579 100 
2 33.812 87 41.0878 80 32.2159 66 
3 39.0949 36 44.3458 35 57.427 30 
4 44.593 31 46.3326 35 61.271 30 
5 71.363 21 35.6697 18 67.3987 20 
6 59.2576 25 46.788 14 39.72 14 
7 45.3099 19 59.9509 14 76.6738 12 
8 54.2569 18 75.7679 12 80.0502 10 
9 44.9889 16 60.2964 12 50.6161 8 
10 61.0991 15 75.5267 10 70.9396 6 
Figure 5.29 XRD Diffraction patterns for binary Cu6.43Y, Cu5Y and Cu4Y with 
low oxygen content Alloy A4 - (Zr49Cu46Al5)96Y4. 








Cu6.43Y Cu5Y Cu4Y 
2θ (°) Irel(a.u) 2θ (°) Irel(a.u) 2θ (°) Irel(a.u) 
1 42.3755 999 42.3338 999 42.2948 999 
2 41.8829 382 41.7608 319 41.7749 330 
3 36.0618 309 44.0166 309 43.8248 296 
4 47.5559 306 35.9579 258 35.9698 287 
5 43.8259 301 47.4902 224 69.0013 151 
6 69.1755 139 69.0145 151 62.1453 148 
7 62.2278 116 62.2857 140 47.4578 142 
8 76.495 108 76.2435 104 57.9415 107 
9 79.5346 83 58.0899 94 76.2727 99 
10 58.0062 63 79.7752 85 79.4778 87 
 
 
5.3.1.1.2   Identification of phase triangle in the Zr-Cu-Y ternary phase 
diagram 
Recently, He et.al [129] has partly determined the isothermal section of the Zr-
Cu-Y alloy system at 978 K. The proposed ternary Zr-Cu-Y phase diagram is 
shown in Figure 5.30. The mutual solid solubilities among Zr, Cu and Y are 
extremely low and interestingly there exist no ternary compounds for the Zr-
Cu-Y ternary phase diagram. The tabulated data of the crystal structures of the 
binary aloys are shown in Table 5.11. Our compositions ignoring Al content 
have been identified to lie in the range of phase triangle 4 identified by He 
et.al as shown in Figure 5.31. The corresponding prespective taking into 
account the Al content is shown in Figure 5.32. 
















This phase triangle consists of only the binary alloys Cu2Y, ZrCu and Zr2Cu. 
Figure 5.33 shows the XRD powder diffraction pattern of Alloy A4, 
(Zr49Cu46Al5)96Y4 with the relevant powder diffraction patterns of ZrCu (B2), 
ZrCu (martensite), Cu2Y and Zr2Cu which are our present potential matches. 
Their corresponding data for 2θ and and intensity are shown in Table 5.12.  
 
The matches between CuZr (B2) and CuZr (martensite) with the powder 
diffraction of the as-cast alloy A4 are convincing showing the presence of the  
ZrCu 
Figure 5.30 The partially determined Zr-Cu-Y ternary phase diagram at 978 K after
Ref. [129].  

















Composition Pearson's symbol Space group Prototype 
Cu cF4 Fm3m Cu 
(αZr) hP2 P63/mmc W 
(βZr) cI2 Im3m Mg 
(αY) hP2 P63/mmc W 
(βY) cI2 Im3m Mg 
Cu9Zr2 - - - 
Cu51Zr14 hP65 P6/m Ag51Gd14 
Cu8Zr3 oP44 Pnma Cu8Hf3 
Cu10Zr7 oC68 C2ca Ni10Zr7 
CuZr cP2 Pm3m CsCl 
CuZr2 tI6 I4/mmm MoSi2 
Cu6-7Y hP8 P6/mmm TbCu7 
Cu4Y hP6 P6/mmm CaCu5 
Cu2Y oI12 Imma CeCu2 
CuY cP2 Pm3m CsCl 
Figure 5.31 A schematic of the  Zr-Cu-Y ternary phase diagram with the alloy
compositions studied indicated by the blue and red dots within the phase
triangle 4.  
Base Composition Zr47Cu48Al8 
Base Composition Zr49Cu46Al5 
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Figure 5.32 The planes which the compositions are sitting in taking into
account the z-axis which indicates Al content. 
Figure 5.33 The powder diffraction patterns for Cu2Y and Zr2Cu with low 
oxygen content Alloy A4 - (Zr49Cu46Al5)96Y4. 




Table 5.12 Tabulated data for 2θ and intensity values for ZrCu (martensite) 




ZrCu phase with both cubic (CsCl) and monoclinic structures respectively.  
The Cu2Y can be considered to be relatively well matched since the size of the 
phase is small and they are in relatively small amounts as shown in Figures 
5.3 (cii), 5.7 (dii), 5.11 (diii) and 5.15 (biii). Their primary peaks can be 
separated from the ZrCu (martensite) primary peaks since the latter are 
broader and dispersed which correlate with their fine grain structure. 
 
However, we are unable to match one of the unknown peaks (2θ = 33.5°) to 
any of the phases within this phase triangle that we have identified. Yet, this 
phase triangle has been most convincing given that we have already 




Cu2Y Zr2Cu ZrCu(martensite) ZrCu(B2) 
2θ (°) Irel(a.u) 2θ (°) Irel(a.u) 2θ (°) Irel(a.u) 2θ (°) Irel(a.u) 
1 35.596 100 36.8525 999 43.7813 100 39.0048 999 
2 42.677 76 39.5421 404 34.8396 96 70.6537 218 
3 34.755 57 69.9708 195 36.8517 74 56.3453 134 
4 41.95 42 64.5592 130 36.2206 65 63.7215 15 
5 35.876 40 57.1587 110 35.7137 51 48.2687 12 
6 69.331 32 48.8207 93 42.1935 50 
7 69.536 32 78.4202 61 40.9707 48 
8 56.358 27 31.9852 18 42.759 38 
9 56.362 27 51.7318 16 58.0733 16 
10 41.272 16 65.1247 14 55.4756 16 
11 72.507 16 65.2662 12 45.6665 14 
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unknown peaks from our discussion in the previous binary and ternary alloy 
systems. Neighbouring phase triangles ‘3’ and ‘5’ have also been considered to 
confirm if other more potential matches have been missed. The attempts to 
match the diffraction pattern with CuY and Cu10Zr7 have proven to be 
unsuccessful. Figure 5.34 and Table 5.13 show the XRD powder diffraction 
patterns and tabulated 2θ and and intensity data for CuY and Cu10Zr7. 
Therefore, we conclude that the ZrCu-Cu2Y-Zr2Cu phase triangle as the most 












Figure 5.34 The powder diffraction patterns for CuY and Cu10Zr7 with low 
oxygen content Alloy A4 - (Zr49Cu46Al5)96Y4. 






Therefore, we can surmise that the effect of Y is much more significant than 
that of mere minor addition. The identification of the unknown phase x as 
Cu2Y has allowed us to conclude that the minor addition of Y changes the 
phase triangle from the former τ3-τ5-ZrCu without Y addition to the present 
ZrCu-Cu2Y-Zr2Cu. As a result, the competing phases that are observed 
without Y addition and with Y addition are notably different. This is perfectly 
consistent with our observation of the disappearance of the τ3 phase and the 
appearance of Cu2Y phase. Instead, given that large atom Y plays such an 
important role in dictating changes in phase triangles despite its minor 
addition, Y addition should be given similar weightage to that of the base 





2θ (°) Irel(a.u) 2θ (°) Irel(a.u) 
1 36.4947 999 39.3977 100 
2 65.6856 237 37.1743 58 
3 52.5675 142 37.0988 55 
4 77.5464 62 38.4935 33 
5 59.3504 14 38.6396 30 
6 45.1002 10 41.6488 25 
7 42.7696 23 
8 46.517 22 
9 55.6836 21 
10 41.2759 20 
Table 5.13  Tabulated data for 2θ and intensity values for CuY and Cu10Zr7. 




5.3.2 ECP modeling for Zr-Cu-Al-Y alloys 
The minor addition of large atomic sized Y (ra = 1.80 Å) with elements Zr (ra = 
1.60 Å), Al (ra = 1.43 Å) and Cu (ra = 1.28 Å) creates significant atomic mismatch 
which promotes dense random atomic packing that favours GFA. In order to 
have a better understanding of the atomic packing change as a result of Y 
addition, the efficient cluster packing (ECP) model proposed by Miracle [93] 
was employed. Figure 5.35 shows the relative atomic sizes and heat of mixing 












The Zr-Y-Al-Cu alloys are treated as quaternary Ω−α−β−γ alloy system where 
the solvent atom Zr is represented by Ω and the solute atoms Y, Al and Cu are 
Figure 5.35 Atomic sizes and heat of mixing values for the Zr-Cu-Al-Y alloy 
system.  




represented by α, β and γ respectively in decreasing atomic radii. These 
interpenetrating arrays of efficiently packed solute-centered clusters comprise 
the ECP structure. The ECP structure for Zr-Y-Al-Cu can be represented as <15, 
12, 10>fcc according to Miracle’s nomenclature. A schematic of this ECP 




















γ fully filled with Cu
i.e. βγ = 2 Zr67.6Cu16.2Al8.1Y8.1 Zr46.5Cu44.6Al7.9Y1 
  
 Anti-site Defect
on Ω and γ 
(γΩ = 1/6, γα = 0.5)
Zr56.3Cu31.5Al8.1Y4.1  
  
(γΩ = 0.2 γα = 0.5) Zr54.1Cu33.8Al8.1Y4.1  
  
 (γΩ = 0.3 γα = 0.9) Zr47.3Cu43.8Al8.1Y0.8  
Figure 5.36 A schematic of the fcc cluster packing in the ECP model for Zr-Y-
Al-Cu in the (a) {100} plane and (b) {110} plane.
(a) (b)




In this system, we consider the Zr-Y as the α-clusters, the Zr-Al as the β-
clusters and Zr-Cu as the γ-clusters. If we considered that all the cluster-
tetrahedral sites were fully occupied by the γ solute, Cu, we would obtain a 
composition of Zr67.6Cu16.2Al8.1Y8.1 which is a significantly different from our 
best glass former composition of Zr46.5Cu44.6Al7.9Y1. The discrepancies are 
relatively great, the largest of which is 28.4 at.% between the two Cu 
concentrations. It is noted that the concentration of Zr and Y atoms are higher 
in comparison with our actual composition while the concentration of Cu 
atoms predicted is much lower. However, the predicted Al concentration is 
only marginally different with our Al concentration by 0.2 at.%. As such, more 
anti-site defects would have to be considered in order to align these 
compositions.  
 
More Cu atoms are added into the cluster arrangement such that we have Cu 
atoms substituting Zr atoms to form γΩ anti-site defects or/and Cu atoms 
substituting Y atoms to form γα anti-site defects. By doing so, adjustments 
were made to the predicted composition to Zr47.3Cu43.8Al8.1Y0.8 which is 
extremely close to our reported best glass former composition having a 
maximum discrepancy of less than 1 at.%. The calculations have been 
tabulated and are shown in Table 5.14. This particular topological 
arrangement is interesting given that 30% of the Ω solvent, Zr is occupied by 
Cu while 90% of the Y cluster octahedral sites are occupied by Cu. This 




proposed ECP model of this particular alloy composition provides us perhaps 
with a hint of the potential competing phases which would comprise of both 
Cu and Zr atoms, together with Cu and Y atoms upon further Y addition. This 
could be attributed to the fact that the α-solute clusters are dominated with Cu 
atoms while the solvent atoms, Zr are replaced with Cu atoms within their 
topological arrangement.  
 
5.4 Summary 
Our results have invalidated the claims of the role of Y as an oxygen scavenger. 
If Y functioned as an oxygen scavenger, high O-content Zr49Cu46Al5 would 
have better GFA than high O-content Zr47Cu45Al8 with Y addition since Y 
addition is akin to shifting the alloy compositions on the high O-content plane 
to that of the low O-content plane. Instead, minor addition of large atomic 
sized Y is successful in improving GFA for the high O-content Zr47Cu45Al8 at 1 
at.% addition of Y. This BGF composition is fully amorphous with a critical 
size of 5 mm.  
 
The addition of Y results in the disappearance of the dendritic τ3 phase, 
stabilization of large ZrCu phase and the precipitation of Cu2Y. Thus, 
competing phases do not remain the same with minor addition of Y. There is a 
change of phase triangle from τ3-τ5-ZrCu to ZrCu-Cu2Y-Zr2Cu upon minor 




addition of Y. As such, an integral role of the Y atom is established despite its 
minor addition amount. Y should be treated as one of the main constituent 
elements as it has the ability to perturb the alloy system and change 













































6.1 Summary of results 
This dissertation has explored the possibility of harnessing the presence of 
oxygen in low purity Zr-based BMGs (using sponge Zr) to obtain comparable 
or even larger GFA with its high purity (crystal bar Zr) counterpart. The effect 
of selected minor addition elements (Ni and Y) on the GFA for low purity Zr-






(1) There is no detrimental decrease in critical size for the BGF composition 
in the high O-content, binary Zr-Cu alloy system. Critical sizes of the BGF for 
both high and low O-contents alloys remain at 2 mm. However, the BGF 
compositions for the high and low O-content alloy system are different, 
having alloy compositions Zr36Cu64 and Zr35.5Cu64.5 respectively. This shift in 
BGF composition is crucial given that reproducing the BGF composition 
obtained at low O-content would only result in the appeared detrimental 
effect of oxygen observed at reproducing that composition at higher O-content. 
Competing phases remain the same and oxygen is observed to only have the 
effect of destabilizing/stabilizing certain competing crystalline phase. The 
expected shift would be away from the competing phases stabilized by oxygen.  
In this scenario, oxygen stabilizes the Cu8Zr3 phase.  
 
The above observation is similar for the ternary Zr-Cu-Al alloy system. 
Oxygen is observed to stabilize both the large ZrCu and dendritic τ3 
competing phases. The ZrCu ‘big cube’ phase was easily eliminated but there 
was a problem in eliminating the presence of the small dendritic τ3 competing 
phase and thus at best, only a 5 mm composite of  τ3 + amorphous was 
obtained within the high O-content τ3-τ5–ZrCu phase triangle at alloy 
composition Zr47Cu45Al8. The low O-content BGF composition, Zr49Cu46Al5 is 
fully amorphous and possess a critical size of 5 mm. Similarly, a shift in the 





observed. By utilizing the pinpoint strategy via phase selection and 
anticipating such compositional shifts in BGF at higher O-content typical of 
industrial conditions, reproduction of Zr-based BMGs of large critical sizes 
obtained under a typical laboratory condition has the potential of being 
reproduced successfully.   
 
(2) The plasticity of these high O-content Zr-Cu based alloys is shown to be 
dependent upon the presence of inherent crystalline phases rather than the 
mere presence of oxygen which result in brittle fracture. In the Zr-Cu binary 
system, the high O-content BGF alloy possessed greater plasticity than its low 
O-content composition counterpart. The brittle failure observed in BGF for the 
high O-content in the Zr-Cu-Al ternary alloy system is a result of the presence 
of brittle  τ3 dendrites. Thus, the possibility of retaining plasticity is highly 
probable if the alloy samples are fully amorphous with oxygen being 
uniformly distributed in the matrix.  
 
(3)  The minor addition of intermediate sized Ni atoms has shown to have 
only a marginal improvement on GFA for the high O-content Zr-Cu-Al alloys. 
Despite the addition of Ni to a high O-content system, no metastable NiZr2-
type phases have precipitated. The competing phases remain the same with 





small dendritic τ3 phase were not able to be eliminated and the BGF 
composition Zr47Al8(Cu0.9Ni0.1)45  is a 5 mm composite of  τ3  + amorphous.  
 
(4) The minor addition of large atomic sized Y is successful in improving 
GFA for the high O-content Zr47Cu45Al8 upon 1 at.% addition of Y. The BGF 
composition (Zr47Cu45Al8)99Y1 is fully amorphous with a critical size of 5 mm. 
The effect of Y is definitely not of an oxygen scavenger. The minor addition of 
Y has shown to substantially perturb the alloy system such that the competing 
phases change. The previous phase triangle τ3-τ5–ZrCu for the ternary Zr-Cu-
Al alloy system has changed to the CuZr-Cu2Y-CuZr2 phase triangle upon 
minor Y addition. Hence, we propose that the effect of Y is much more 
significant that mere minor addition and should be given similar weightage to 
that of the base elements Zr and Cu that are able to affect changes in 
competing phases.  
 
6.2 Future work 
The effect of increasing O-content within the alloy system using sponge Zr 
while at the same time, processing the BMGS in a low vacuum environment is 
a useful and cost effective strategy for research in laboratories to mimic 
industrial processing conditions.  In order to have a more accurate insight to 





to high O-content alloy systems, the following points are raised for potential 
work in the future: 
 
(1) The ability to maintain the critical size of Zr-Cu based BMGs at high O-
content is a novelty. More investigations could be targeted at the different 
composition regions of the Zr-Cu phase diagram to discover if such 
compositional shifts apply to them. Since the τ3 phase in the τ3-τ5-ZrCu phase 
triangle in the ternary Zr-Cu-Al alloy system saw no success in being fully 
eliminated, the adjacent ZrCu-τ5-Cu10Zr7 phase triangle in the Zr-Cu-Al alloy 
system can be considered for further investigation. The competing phases in 
the ZrCu-τ5-Cu10Zr7 phase triangle are much larger and thus could be more 
easily eliminated during the phase selection process. Also, it would be 
interesting to look into the underlying reason for oxygen to stabilize certain 
competing phases while destabilizing others since this would provide greater 
accuracy in determining the direction of the shift in BGF composition. As more 
comprehensive data is available for the simple binary systems, the Zr-Cu alloy 
system would be a good place to start. Other alloy systems such as Fe-based 
and Ti-based alloys which are sensitive to oxygen could also be investigated in 
detail to see if such a shift in BGF composition away from oxygen stabilized 






(2) It would be interesting to study the effect of higher Y content (> 4 at.%) 
on the Zr-Cu-Al alloy system since Figure 5.14 (d) hints at a potential change 
in competing phase dynamics again at 4 at.% Y addition. A more careful 
investigation of the effect of Y on other alloy systems such as the Fe-based to 
determine if there exists a similar change in phase triangle would help to 
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